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About 15-25% of aging population suffer from swallowing difficulties, and 
increase in personalized meal requirements creates an increasing market need 
for food mass customization. Food industry is investigating mass customization 
techniques to meet individual needs on taste, nutrition and mouthfeel. 3D Food 
Printing (3DFP) is one of the potential solutions to overcome drawbacks of 
current food customization techniques such as lower production efficiency and 
high manufacturing cost.  
This thesis introduces the first generation food printer concept designs and 
functional prototypes that target to revolutionize customized food fabrication 
by 3D Printing (3DP). Different from robotics-based food manufacturing 
technologies which are designed to automate manual processes for mass 
production, 3D Food Printing integrates 3DP and digital gastronomy techniques 
to customize food products. This introduces artistic capabilities into domestic 
cooking, and extends customization capabilities to industrial culinary sector. 
Their applications in domestic cooking or catering services can not only provide 
an engineering solution for customized food design and personalized nutrition 
control, but also have potential to reconfigure customized food supply chains. 
In this development and research, selected prototypes and commercial products 
are reviewed based on fabrication platforms and printing technologies. A 
detailed discussion is done on specific 3DP technologies and their associate 
printing process for 3D customized food fabrication. Besides, significance and 
projections of future food printing are also discussed.  
In this project, a home use desktop 3D Cookie Printer was prototyped and 
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related experiments were carried out to optimize the printing performance. This 
desktop food printer is able to print customized cookie products, and other 
materials were also tested. Besides, ideas and early stage development were 
initiated to enable the concept of mixing different food materials to demonstrate 
the possibility of customizing food products in terms of ingredient compositions.  
Last but not the least, project has gone through media exposure. The printer 
prototype and printing process were demonstrated in several art and science 
exhibitions. During each exhibition, market survey on development printer and 
food printing concept has been conducted to collect feedback from the public. 
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A 24th century advancement named as “food synthesizer” was imagined and 
described in the movie of Star Trek: The Original Series in the 1960s. It was a 
“replicating machine” that could synthesize meals based on the users’ 
requirements. The mechanics of this device was not explained in the show and 
it is most likely that the scriptwriter did not have definite ideas about how this 
replication could technically take place. However, it suggests that there has 
already been a desire of instantly making personalized meals and replicating 
exiting food design for decades. As early as 1942, George O. Smith in his Venus 
Equilateral sci-fi series also portrayed similar novel duplications and new 
manufacturing technologies (Hollow, 2013). Although it is fair to say that the 
manufacturing revolution described in all these science fictions is improbable 
at those times, the recent advances made in the field of additive manufacturing 
have begun to make widespread, fundamental changes in manufacturing and all 
of these imaginations seem less far-fetched than when they are published 
(Hollow, 2013). In addition, the recent proliferation of low-cost desktop 3D 
printers is gradually establishing the springboard of “micro factories” with 
additive technology from the comfort of everybody’s home (Hollow, 2013). As 
it is indicated in The Economist, an increasing trend towards the domestication 
of manufacturing is happening (The Economist, 2012). Localization of 
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production disrupts the economies-of-scale model and completely breaks down 
the barriers to mass-customization. 
One of the examples of localized production happening every day is to prepare 
food at your home. Flavor combination and food presentation in every meal start 
to grow unique for every house and they can even become the symbol of a 
family. Therefore, when food preparation needs to be personalized, this is where 
additive manufacturing could play a big role. 
1.1.1 Mass Customization and Food Customization 
Mass customization is a term that refers to “the ability to satisfy the particular 
needs and wants of individual customers” (Boland, 2006) and relates to systems 
that have the efficiencies normally associated with mass production but can 
satisfy personalized requirements (Boland, 2006). The power of mass 
customization is compelling. When the number of possible combinations 
becomes astronomical, it is highly likely that one of them suits your taste exactly. 
However, mass production, the great breakthrough in manufacturing in the early 
20th century, which enables great efficiencies in production, becomes the 
biggest enemy to mass customization because all units off the production line 
are the same. It was ironic that “customer could have any color they like, as long 
as it’s black” (Ford, 2007). Unfortunately, the industrial society created the term 
“the Masses”, it assumes which products or services will be demanded by the 





Figure 1-1. The Long Tail Theory 
From the long tail theory in Figure 1-1, however, it suggests that the potential 
aggregate size of the many small markets in goods that do not individually sell 
well enough may someday rival that of the existing large market in goods that 
do cross the economic bar (Chris, 2006). And the current market is actually 
shifting towards this “long tail”. 
The other goods, which are as economically attractive as the mainstream hits, 
are actually in the highly customized markets. Consumers are increasingly 
recognizing a need for individually customized products. Food industry is one 
of the markets that are looking for mass customization. In fact, it is reported that 
the food customization has been widespread, although not widely recognized, 
and has begun with the burgers wars in the late 20 century in fast food industry 
(North, 2015). As mentioned by Steven Goldstein (North, 2015), the president 
of FoodThinque Consultancy in New York, People are more knowledgeable 
about food. And this plays into the consumerism of “I want what I want”. 
Increased mass communication is indigenous to our modern culture. It 
transcends the restaurant industry. 
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As summarized by Mike Boland (Boland, 2006), there are three drivers for food 
customization. They are listed as follows, 
 Validation of “I” as an individual in an increasingly crowed and 
apparently uniform world; 
 Individual taste and experiential preferences; 
 Individual health needs. 
 
Figure 1-2. Maslow's Hierarchy of Needs 
When locating these three drivers in the Maslow’s hierarchy of needs chart 
(Huitt, 2004) shown inFigure 1-2, it shows that people start to focus more on 
the sensory and experiential preferences. High quality of eating experience is 
actually a highly personalized need and it belongs to the “self-actualization” and 
“beauty” levels. As for the health needs, although they fall into the lower level 
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as “safety”, it actually refers to a higher level of health and wellbeing with more 
specified and detailed requirements in personalization. 
1.1.2 Traditional Food Customization 
Traditional food customization is simply the assembly of various available 
prefabricated components to meet customers’ preferences. With the rapid 
development of online shopping and information technologies, the 
matchmaking between data and human becomes unprecedentedly fast and 
efficient. Internet creates the possibility for customers to take control of their 
eats. Dave Sloan (Sloan, 2011) listed and discussed three current ways of 
customizing food. First, interactive interfaces online for virtual food 
customization are created to invite customers to share their design and personal 
experience. Second, online visual product configurators are used to provide self-
service for visual and fun customization and online ordering process (Berry & 
Parasuraman, 2004). And third, food co-creation sites are built for gift giving 
with highly customized food products to make the gifts thoughtful and unique 
(Altonen, 2011).  
However, many different techniques in food forming or food structuring are 
optimized for mass production. Custom made food products usually need to be 
crafted by skilled specialists using hand based on individual requirements 
(Periard, Schaal, Schaal, Malone, & Lipson, 2007). Especially for bakery 
industry, from traditional manual food making processes to the automation of 
food making, bakers and engineers have been actively engaging in the pursuit 
of speedy, efficient and highly customized food processing.  
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Until the beginning of 21th century, the explosion in additive manufacturing or 
3D Printing brought its shockwave to the field of food industry as well. 
Industries start to witness the great potentials of this novel application in the 
food domain.  
1.1.3 3D Printing and Additive Manufacturing 
3D Printing is originally referred to one of rapid prototyping processes, which 
employs inkjet print heads. Inkjet printing is the most commonly used 
technology for current 2D printers. However, rapid prototyping refers to any 
processes that can quickly build up 3D models. It emphasizes more on 
fabrication speed than fabrication method. Therefore, the construction can be in 
additive layering or subtractive CNC. 3D Printing belongs to the group of 
technologies that use additive processes in rapid prototyping and it becomes the 
umbrella term for all additive processes by the early 2010s.  
Additive Manufacturing, as what rapid manufacturing is to rapid prototyping, 
is actually a logical production-level successor to additive processes or 3D 
printing. Additive Manufacturing is the industrial interpretation of 3D printing. 
As it is summarized in Andreas Gebhardt’s book Understanding Additive 
Manufacturing (Gebhardt & Gebhardt, 2012), the definitions and 
interdependencies of Additive Manufacturing and its applications are elaborated 




Figure 1-3. Interdependencies of Additive Manufacturing and its Applications 
Additive Manufacturing and 3D Printing are officially defined as “ the process 
of joining materials to make objects from 3D model data, usually layer upon 
layer, as opposed to subtractive manufacturing technologies” (Standard, 2012). 
From mathematical interpretation, it can be an integral or close approximation 
of spatial geometry by stacking plates of sufficiently small thickness. It can also 
be interpreted as building any physical objects from extremely tiny Lego bricks. 
Together with two mature technologies “Subtractive manufacturing” and 
“Formative manufacturing”, Additive Manufacturing or 3D Printing forms the 
three major pillars that are supporting the current manufacturing technologies.  
The core value of 3D Printing is concluded in Hod Lipson’s book Fabricated: 
The New World of 3D Printing (Lipson & Kurman, 2013). The ten principles 
are listed as follows to help people and businesses to take full advantage of 3D 
Printing. These principles summarize the most important advantages in 3D 




 Manufacturing complexity is free; 
 Variety is fee; 
 No assembly required; 
 Zero lead time; 
 Unlimited design space; 
 Zero skill manufacturing; 
 Compact, portable manufacturing; 
 Less waste by-product; 
 Infinite shades of materials; 
 Precise physical replication. 
Complexity, variety, unlimited design space and less waste result from 
fundamental working mechanism of 3D Printing. 3D Printing is also termed as 
layering manufacturing where production cost is no longer linked to the 
complexity of a part like conventional manufacturing processes. Digital driven 
manufacturing and automated manufacturing of 3D Printing enable the 
advantages of infinite combination of materials and no skill manufacturing. 
Also because the manufacturing is digitized, it is easy to combine it with 3D 
scanning and reverse engineering to realize physical replication. The advantage 
that benefits the industry the most could be the zero lead-time from design to 
market. Because of this direct digital manufacturing (another name of 3D 
Printing), the means of production and the distribution of products become 
much less important while the creators and designers become more important. 
As it is mentioned in the book The New Industrial Revolution: Consumers, 
Globalization and the End of Mass Production, Peter Marsh (Marsh, 2012) 
predicts that the new coming industrial revolution may happen when the 
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convergence of digital technologies takes place. The impact of this convergence 
will initiate enormous development in connections, creativity and customization 
in the industries. Creative products and customized products will have high 
value in the future industrial world. “Now a third industrial revolution is under 
way. Manufacturing is going digital” predicted by The Economist (2011). 
1.1.4 Growth of 3D Printing 
As it is reported in the latest Wohlers Report (Collins, 2014), the compound 
annual growth rate (CAGR) of 34.9% for the 3D Printing market breaks the 
record for previous 17 years. Over the last 26 years, the average growth for 
worldwide revenues is around 27%. It shows that 3D printing market is 
experiencing an exponential growth with enormous growth potentials. 
Especially for the past three years from 2011 to 2013, the average CAGR 
reached as far as 32.3%. 
On the contrary, 3D Printing stocks are having a roller coaster ride for last two 
years. In 2013, the market stocks skyrocketed with a rise of 150% for some of 
the top players. And from the early of 2014, the rocket seemed to run out of fuel. 




Figure 1-4. Major Players Stock Performance in 2014 - Stock Market Bubble 
Apparently as can be seen from the graph in Figure 1-4, a huge bubble in 3D 
Printing stock market that resulted from the hype and investors jumped on the 
bandwagon will eventually go into burst. As it is brought to our attention by 
Terry Wohler’s keynote in the Inside 3D Printing exhibition 2013, the actual 
growth in 3D Printing is only half of its growth in social media for 2013 while 
the actual development in 3D technologies is much slower than the market 
growth. 
Every coin has two sides. Great impact from the media coverage directly and 
indirectly boosts plenty of investment into the research in 3D Printing and 
promotes its core development. Whatever the fact is, the core value of 3D 
Printing is currently irreplaceable and future of 3D Printing is inevitable. All 
the major advantages are still on the horizon and starting to play more and more 
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important roles in many industries. This fact can be strongly supported by the 
recent entries of General Electric and Hewlett-Packard. 
1.1.5 3D Printing for Food Processing 
With the rapid growth and profound impact of 3D Printing, more applications 
of 3D Printing has been considered in different fields and their industries.  With 
the increasing demand for traditional food customization, a new process for 
constructing food products came into being.  
As early as 2001, there were four patents relating to Personal Part Fabrication 
(PPF) and food printing that were granted to Nanotek Instruments Inc. All these 
patents conceptually describe the method of producing food products with 3-
axis CNC machine and nozzle head to deposit food materials in 3D space (Yang, 
Wu, & Liu, 2001). The term Food Layered Manufacture (FLM) is firstly created 
to scientifically describe this new food production process, an adoption of 
robotics-based Additive Manufacturing or Layer Manufacturing into food 
fabrication (Wegrzyn, Golding, & Archer, 2012).  
3D Food Printing (3DFP) is defined as the processes of making 3 dimensional 
edible food products by adopting 3D Printing or Additive Manufacturing 
technologies. It is also known as 3D Printing for food processing. 3DFP 
integrates food processing with additive manufacturing and digital gastronomy 
techniques to offer the potential of fabricating food products with mass 
customization in shape, color, flavor, texture and even nutritional value. 
1.1.6 Significance and Potential Impact of 3D Food Printing 
Based on the major advantages of 3D Printing summarized previously, the 
significance and impact of 3D Food Printing can be easily derived. These values 
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are more specific for food application and not all benefits brought by 3D 
Printing are really desirable currently in food fabrication. Nevertheless, 3D 
Food Printing may provide us laypeople with an alternative of great profound 
potentials to improve our life style every day and may also redefine our 
expectation for our future culinary (Cohen et al., 2009). The values are listed 
here following the sequence of the significance deemed by author.   
Inject the professional culinary fantasies into every household kitchen 
Since the foundation of 3D Printing is actually digital manufacturing, one of the 
major values is that 3DP offers the capability of rapid replication. This is 
typically meaningful for fabrications that require experienced workers with 
specially-trained skills. With 3D Printing technology, most of these complicated 
processes are automatically operated so that the sophistication can be easily 
achieved. Therefore, makers only need to care about the original design data. 
Additionally, all information is put into digitized form and can be quickly 
modified and shared. 
Imagine if culinary professionals come up with a new design of a food product. 
Once they are willing to share the data through the Internet, no matter how 
complex the design is, any terminal around the world, say a 3D Food Printer, 
can reproduce the work of these professionals by downloading and importing 
the original data files. In this scenario, every housewife will be much more 
capable of preparing a delicate dinner. Probably all she needs to know is how to 
operate a printer and choose the desired design from the Internet library. Every 
kitchen can be a productive mini factory and you will be always fascinated by 
the next food work that comes out of it. Every meal can be interesting and 
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entertaining. This impact is also known as abstracting knowledge or injecting 
knowledge (Cohen et al., 2009). It is for the purpose of having less skilled 
practitioners reproduce the original work by importing abstracted 3D 
fabrication data files that carry the culinary knowledge and artistic skill of every 
famous chef.  
At the same time, the domesticated nature of personal manufacture can also 
bring an opportunity for an upgraded version of e-commerce where the cost of 
distribution is greatly reduced and people are transacting designs and ideas 
instead of the final physical products. In many cases, distribution costs can 
exceed ten percent of gross sales (Mandel, 2004) and shoppers are the ones who 
pay for the additional costs.  
 
Figure 1-5. Optimized Supply Chain Model - Domestication of Fabrication 
As can be seen in Figure 1-5, comparing to the traditional e-commerce supply 
chain, the elimination of the distribution cost in the domestication of fabrication 
lowers the product price even further. Maybe in the future, you only need to pay 
half of the price for your uniquely designed birthday cake and print your own 
fresh birthday cake right in your own kitchen.  
Monitor your diet and digitize your energy intake 
Based on the fact that the food models are gradually deposited onto the platform 
to form a desired geometry in 3D Food Printing, the amount of food materials 
needed for the food products are naturally determined and controlled by the 
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parameters within the printers. For example, each food design model, after 
being translated into machine path planning language (G-code, M-code, etc.), 
can be easily defined in terms of the printing speed, deposition speed, and other 
machine geometric parameters. All the parameters can directly be used to 
calculate the total amount of materials required to construct the final product as 
well as the construction time. This simple computerized automation makes the 
exact data of calories intake accessible to all household users and it also allows 
them to monitor their diet by modifying the configuration in the printers. When 
compared with our traditional way of making bread or cakes where the amount 
of dough used is solely based on previous experience, food printing provides a 
computerized platform to precisely digitize your diet so as to control your 
energy intake.  
Customize your eating experiences and personalize your food menu 
Mass customization as discussed previously is the core advantage of 3D 
Printing technologies. And it applies to food application as well. For food 
printing, customization is not only needed in the shape of the food products, but 
a higher demand can be found on the customization of the flavor, color, mouth 
feel and nutrition. Different population has different nutritional needs. One of 
the important target groups is the increasing elderly population. Studies show 
that currently 15 to 25 percent of all people over 50 years suffer from dysphagia, 
the difficulties of swallowing their food. Pureed foods can actually provide 
necessary nutritious meals for this group of elderly. Unfortunately, almost all 
these meals are unappealing and unappetizing to them, and long term 
consumption may end up with a reduced quality of life (Luimstra, 2014).  
Therefore, to prepare personalized meals that are highly customized in terms of 
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shape, color combination, flavor, texture and nutritional quality can 
significantly contribute to solving these problems. And this is exactly where 
food printing enters the game.  
To make use of alternative ingredients and always keep it fresh 
In an era where foods sources are being endangered in some parts of the globe, 
to create more food products with different kinds of ingredient substitutions can 
be one of the solutions. As it has been studied by designer Susanna Soares and 
Food Bio-scientist Dr. Kenneth (Soares & Forkes, 2014), insects can be used to 
make food products with the help of 3D printing to serve as an alternative for 
protein intake. When compared with conventional meat products, the protein 
concentration inside insects is slightly higher and 3D food printing can greatly 
contribute to making unpleasant aesthetics and cultural background of insects 
become more “digestible” to consumers.  
Besides, food printing can make use of alternative food ingredients with longer 
shelf life. Raw materials usually have longer shelf life than the final food 
products. If food products can be quickly fabricated on the spot based on users’ 
requirements, users would be able to have their meals fresh all the time. That is 
actually one of the reasons why NASA has poured $125,000 into the research 
and development of food printing to explore the capability of this new 
application and discover a variety of foods with shelf stable ingredients (Jacobs, 
2013).    
To create innovative food products with multi-materials printing 
This idea is actually not new to us. In Southeast Asian religious regions, 
innovative food products are created to follow the religious food practices. For 
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example in Buddhist cuisine, interesting food creations can be found like meat 
analogue, which is known as mock meat. Mock eat is actually a soy-based or 
gluten-based food product that tastes like meat. Most of these food innovations 
have their own values. Some of them are quite popular and highly demanded by 
typical groups of people.  
Multiple materials printing for food products also has a significant impact on 
potentially creating a wide range of food products with limited food ingredients. 
In this way, food printing actually offers great potentials for different dining 
experience and more innovative food creation.  
To help push the boundaries of culinary art and fine dining 
Technology should not define someone’s cooking. 3D Food Printing gives the 
chefs more control over the fine dining experience. Once again, especially for 
fine dining where the presentation of the meals matters the most, with the help 
of 3D Food Printing, the incredible displays and an interactive experience could 
reach to a higher level. Besides, everything from dishes, plates, forks, knives 
can also be printed to agree with the design theme. 3D Printing will allow chefs 
to elevate their menu selections and presentation in a highly curated way.   
1.1.7 General Vision of 3D Food Printing 
Adoption of 3D Food Printing technologies offers distinct advantages over 
traditional fabrication techniques that involve high level of workmanship for 
food production when the delicateness and sophistication mainly determine the 
value of the food products. Essentially, this advantage is attributed to the 
automation process, which comes intrinsically with the improvements in 
productivity and product quality. However, the fundamentals of Layering 
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Manufacturing in 3D Food Printing further break the limitations of current food 
fabrication to enable new design and manufacturing capabilities. 
Typically, the presentation of the food products will be the first sensory delight 
of people’s eating experience and it becomes more important when the food is 
conveying meaningful messages. 3D Food Printing will greatly enhance the 
value for these purposes by vastly improving the complexity and sophistication 
of the food product appearance. Apart from that, there is an increase by 20% in 
the sales of impulse and indulgence products in Singapore where the 
presentation of the food products actually ignites the shopping desire. If this 
trend continues to grow, this will definitely be a great opportunity for 3D Food 
Printing.  
Additionally, in terms of the food nutrition, the personalization of nutritious 
meal plan can be the major direction to focus on, which may potentially lead to 
the widespread adoption of food printing. Digital gastronomy should be 
incorporated into 3D Food Printing to bring the conceptualized smart kitchen 
into reality (Zoran & Coelho, 2011).  
Other opportunities for 3D Food Printing or food printers can be development 
of portable or foldable devices or tools for food making, development of 
experimental platforms for investigating and inventing new food materials and 
cuisines, and also to provide a mini “play zone” for children and their parents 
to enjoy the bonding moments because it is said that nobody understands the 
importance of presentation in preparing food than someone with kids. 
Last but not the least, with the rapid development of the Internet, the food 
industry is being revolutionized. One of the greatest changes can be the online 
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ordering system. Major e-commerce players are currently creating and 
capturing huge value due to the fact that this new concept of e-commerce 
significantly decreases the cost in the supply chain by eliminating the 
distributors and dealers from the traditional “Supplier-Distributor-Dealer-
Customer” chain. The new idea of “industry 4.0” will further improve the 
efficiency and effectiveness from production to customer by eliminating the 
entire process of sales or replacing the sales of products with sales of ideas and 
designs at earlier stages of the transactions. And digital manufacturing and 
localized manufacturing of food printing are two of the most representative 
phenomena in “industry 4.0” for the future manufacturing. 
It is also said in Fortune reports that the investment of $2.8 billion has been 
poured into the food-related startups in 2013 (Griffith, 2014). And Lucia Moses 
from Adweek described the millennials’ relationship with food to be the desire 
for authenticity and shared experience, and the knowledge about how food is 
produced. 3D Food Printing meets the needs and expectations of this generation 
(Moses, 2014). Therefore, it will become one of their most important 
companions in kitchen in the future. 
1.2 Overview of Current Status 
1.2.1 History of Food Printing Development 
The total history of 3D Food Printing is as short as less than 15 years although 
the desire of rapidly fabricating custom-made food was expressed early in the 
1960s through the movie of Star Trek. Over the last decade, important progress 
has been made every year.  
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The birth of food printing is not even technically an invention. In fact, this 
process has already been performed frequently in many bakery shops. The idea 
of creating 3D decoration on the cake surface using hand cream extruder as 
shown in Figure 1-6 can be considered as the precursor of 3D Food Printing 
process. The latter is an automated version with computerized design pattern for 
fabrication to the previous manual process. 
 
Figure 1-6. Hand Extruder for Cream 
First Patent for Food Printing 
In 2001, a U.S. patent US 6280785 that describes the rapid prototyping and 
fabrication method for 3D food objects was granted to Nanotek Instrument, Inc. 
(Yang et al., 2001). 
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Figure 1-7. First Patent for Rapid Prototyping in 3D Food Objects 
This patent as shown in Figure 1-7 can be officially the first invention that 
relates to food fabrication application with 3D Printing or Layering 
Manufacturing technologies. In this patent, traditional CNC machine is 
reconstructed by replacing the original cutting tools with dispensing tools for 
food materials. Fundamental mechanical components are listed out and basic 
assembly procedures are also explained. In addition, desired food materials 
properties as well as detailed flowchart of the entire printing process are 
conceptually described.  
Since this patent focuses more on the method and process rather than the 
machine design, no equipment is actually constructed in practice and from 2001 
onward no further development can be found based on this patent. Year 2001 
can be an important milestone for food printing when people officially started 






First In-House Design Concept of Food Printing 
From year 2008 to 2010, a series of food rapid prototyping conceptual designs 
started to capture people’s attention. One of the famous food printing machine 
designs is from Philips Design’s food probes program, the design concept 
emphases the food assembly from fundamental food ingredients based on 
consumer’s nutritional needs. From industrial designers’ perspective, this 
concept expresses the popular expectation on food making devices from 
customers’ point of view. As it is explained by Clive van Heerden, the Senior 
Director of this program, “We were very interested in new ways of looking at 
what we eat and the processes that food undergoes before we consume it” 
("Food Probe by Philips Design," 2009). With the cartridge-loaded pastries, 
people can have an accurate and personally relevant look at what they are eating 
and how their foods are made. Dining experience is getting friendly and 
controllable.  
From year 2008, more concept designs stood out from design competitions and 
design projects. Two of the famous examples are the Moleculaire from Koln 
Intern’l School of Design (Wegrzyn et al., 2012) and Cornucopia from 
MIT(Zoran & Coelho, 2011). 
Springing up of design concept of food printing devices actually pictures the 
future of food printing devices that users will show great desirability to work 
with. Although, in terms of the technical capabilities, it still has long way to go 
in order to meet more people’s expectation, the target all research and 




First Prototype of Food Printer 
In 2007, a group of scientific hobbyists invented the first functioning food 
printer, CandyFab 4000, as a hobby project (as shown in Figure 1-8). This is 
also known as the first project where powder based printing technologies were 
introduced into food printing. Despite the fact that the printed candy products 
are huge and coarse, all these food prints can be literally called 3D food objects 
due to the intrinsic nature of powder bed printing. Powder bed printing usually 
has more freedom of design in three-dimensional space without too much 
concern about the design of support structure for overhanging features.  
 
Figure 1-8. First Food Printer Prototype - CandyFab 
Another project that created prototypes of food printing system is from Cornell 
University. The food printer they built up is based on the DIY Fab@Home 3D 
Printer. This food printer was vastly used as the platform for experiments in the 
development of thermal printable food materials and innovative food materials. 
Therefore, the printer itself does not really have commercial potentials. 
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These early attempts at constructing functioning food printers actually 
established some of fundamental principles in the engineering of food printing 
platforms. These two types of food printers also become the two major streams 
in food printer product development until now. 
First Commercial Food Printer 
Originated from research project in 2009, the first food printer that goes 
seriously commercial is the first chocolate printer from Exeter University. It is 
widely used for the representative printer in food printing for the media reports. 
The company, Choc Edge, was founded in 2013 and now they are ready to 
release the second generation of chocolate printer.  
From 2013 until now, many food printer projects were going through crowd 
funding and looking for business opportunities. The most representative 
examples are the Foodini from Natural Machines. Major players in 3D Printing 
like 3D Systems also start to release their own food printers with industrial 
standards. Most of these food printers are slated to be available on the market 
in the second half of year 2015. Therefore, the pricing is currently not available. 
1.2.2 Directions in Food Printer Development 
Development directions can be divided based on printing technologies or 
printing materials. However, technologies might be determined by the 
requirements and the properties of printing materials.  
In terms of food materials, most projects are still working with natively printable 
materials like chocolate and cream. These materials are also directly edible 
materials. However, the future direction for printing materials will shift to 
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traditional foods that are consumed in our daily meals. Most of these foods like 
rice and meat require additional cooking process. 
In terms of the printing technologies, there are basically two major directions 
for the development of food printing system. The first one is the printer based 
on the materials extrusion method. This is the most cost effective group of food 
printers. Usually they come with lost cost but low quality for food prints. The 
other direction is the printer based on the materials binding method. This is the 
core technology used in printing high quality and full color food products and 
it also has the capability of handling more food materials than the first group. 
To invent new technologies that are both economical and powerful will be the 
ultimate goal all commercialized printers are constantly striving for. 
1.2.3 Challenges 
Although the 3D Food Printing may offer tremendous opportunities and the 
projection of food printing future is beautiful and attractive, it also comes with 
a few challenges. These are the barriers that development of food printing needs 
to overcome for popularization and serious applications.  
 The major issue is the food materials development. To enlarge the pool 
for printable food materials with both stable features and similar flavor 
and texture as compared to the traditional products. To enable the full 
customization in shape, flavor, color and nutrition. Typically for the 
nutritious customization, it is a big challenge to make progress in the 




 Another challenge can be the cleaning process and maintenance of the 
machine. If refilling is a necessary, how to ensure the food materials 
throughout the whole process not to get contaminated by the machines 
needs to be carefully considered and designed. Food is related to 
people’s safe and health. Therefore, additional requirements increase the 
complexity of the design and no mistakes are allowed. 
 Another challenge can be the front-end modeling for the food products. 
Corresponding parameters and standards for food printing are highly 
dependent on the selected food materials. How to ease the operation of 
the customers during the configuration of food printers and make the 
whole interface user friendly will directly determine the final acceptance 
of the food printing technologies in public. 
Other challenges can be the validation of the market desirability and the 
perception and acceptance of the public. To discover the compelling 
applications of food printing is not easy. Currently based on the capability of 
food printing, useful applications are still narrow and specified. 
1.3 Motivation and Objectives 
1.3.1 Motivation 
The motivation of building a desk-top 3D Printing system for food processing 
originates from the confidence in that 3D Food Printing will be one of the most 
potential applications of 3D Printing that can affect our daily lives. Desk-top 
version of the food printer is also based on the belief that food printer has the 
potential to penetrate every normal people’s house in the future. Additionally, 
to improve and enhance some of the key advantages of 3D Food Printing in 
mass customization of food making process in terms of shape, color and 
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material combination also motivates this project to explore and contribute in 
this novel domain.  
1.3.2 Objectives 
3D Food Printing is still a young technology and has been around for only 5 to 
10 years. Although progress is being made from time to time. No one has ever 
done a systematic review of the development history and relevant technologies. 
There are two main objectives for this research. First is to give a detailed review 
and discussion about 3D Food Printing applications and its technologies. 
Second is to develop a desktop food printing system by modifying current 
desktop FDM 3D plastic printing system to realize the function of printing 
edible food materials.  
The operational objectives are: 
 Integration and modification of the existing system to print different 
food materials; 
 Investigation of the optimal food materials recipes; 
 Investigation and optimization of food printing performance; 
 Introduction and implementation of dynamic mixing techniques for 
food mixing process; 
 Exploration and validation of the potential food printing market and 






1.4 Thesis Contribution 
This project has contributed in 
 Modifying and redesigning a workable food printing system 
 Investigating the methodologies to improve the performance of 
designed food printing system 
 Investigating various design of food printing mixing techniques 
 Conducting demonstrations and exhibitions to study the feasibility 
of commercialization and the analysis on customers’ feedback. 
1.5 Thesis Outline 
The thesis is divided into six chapters.  
Chapter 1 provides detailed background knowledge about 3D Printing, food 
customization and 3D Food Printing process followed by the development 
history and development directions. Chapter 1 also summarizes the potential 
impacts and significance of 3D Food Printing and gives motivation for the work 
performed in this thesis. 
Chapter 2 provides a detailed discussion about the current state of art for 3D 
Food Printing including the review of existing concepts, prototypes of food 
printers and commercial food printing devices. Chapter 2 also summarizes the 
current food printing technologies.     
Chapter 3 presents the design work of a new home use 3D Cookie Printer 
including stage improvement and print head design. Chapter 3 also describes 
the methodology used in the design of experiments and presents the experiment 
results for parameter optimization and the final achievements of the designed 
food printer.  
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Chapter 4 presents the design work of different mixing print heads. It includes 
the review of current mixing techniques and two iterations of technical design 
and improvement. Chapter 4 also presents the mixing results at the early stage 
of the development. 
Chapter 5 presents the work done for market validation. It discusses purposes 
and design of the market survey questionnaire and presents the results from 
analysis of the feedback. Significance of the results is also discussed.  
Chapter 6 summarizes the main conclusion of this thesis and presents an outlook 





2 Literature Review of Existing Food Printers and 
Food Printing Technologies 
2.1 Review of Food Printers 
Throughout the development history of 15 years, a variety of researches and 
programs were carried out to create 3D Food Printing system. A number of 
futuristic concepts were developed to vision the ultimate goals and standards of 
3D Food Printing based on users’ expectations. Functioning prototypes were 
also built later on for investigation and experiments on design of materials 
formula, and development of new materials, and innovative ideas were 
proposed and tested at times. As the technologies are getting mature, more and 
more commercial products for food printing came into being over the past few 
years and probably a big wave is already on its way. 
2.1.1 Conceptual Ideas 
Conceptual design actually conveys the expectation of the public on food 
making devices from the industrial designers’ perspective. Some of these ideas 





Conceptual Food Printer by Philips Design (2008 - 2009) 
Philips Design is a well-known global design agency. Over the past more than 
80 years, Philips Design has designed a number of popular products in the area 
of typically domestic electrical appliances. In 2008, its design probes program 
started to include research and development in the field of food. Three major 
projects are identified as Diagnostic Kitchen, Food Creation and Home Farming. 
An appliance that adopts rapid prototyping techniques to construct food 
products based on users’ nutritional needs was 3D graphically presented in this 
program for the first time. 
 
Figure 2-1. Food Printer by Philips Design 
From the concept shown above in Figure 2-1, the idea of modularized nutrition 
cartridges fully shows the usability of this concept, which is the element that 
industrial designers care about the most. Similar to inkjet printer, basic food 
ingredient cartridges can be easily inserted or replaced into the machine from 
top with different combinations. And 3D food model can be visualized via the 
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panel next to it with the display of ingredient composition. This concept does 
not go into details about the actual technologies of constructing foods.  
Author’s reflection 
This concept will always be the ultimate goals for all developers to work 
towards. The potential for accurately monitoring the whole making process of 
what people are eating so as for them to pursue a healthier and quality life is 
indeed irresistible for the modern families right now. However, this concept is 
not able to elaborate the technical details and the function looks far more 
futuristic. Nevertheless, the author boldly speculate that this specified need can 
be validated and the market will be global if major functions are realized and 
major purposes are served.  
Moleculaire by Electrolux Design Lab (2009) 
Electrolux, another one of the largest appliance makers, established Electrolux 
Design Lab in 2003. This organization challenges design students around the 
world every year to create innovative concepts for the lifestyles in the future. 
The design theme for year 2009 is “Design for the Next 90 years”. The concept 
of 3D Food Printing was again introduced to the future gastronomy and culinary 




Figure 2-2. Moleculaire by Nico Klaeber, Electrolux Design Lab 
From this concept shown above in Figure 2-2, when compared with the previous 
concept in Philips Design, Moleculaire is designed to be more portable. The 
general frame of the device looks like a goblet. Therefore, it should be easier to 
hold and carry using one hand and with thumb directly tapping on the front 
screen at the neck, the configuration becomes much simpler and friendlier. With 
this design, the printing platform can hence be any plates that are small enough 
to be capped underneath. However, the printing cartridges are filled with pre-
packaged meals. Therefore, the food design and ingredient combinations are 
limited. In terms of the printing techniques, no technical details can be found 
either. 
Author’s Reflection   
The advantages of this device lie mostly in the design of user experience during 
the operation of the device. Actually, good portability and comfortable user 
experience of a food printer are indeed necessary if the design can finally 
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become a household appliance. However, the major benefit of 3D Food Printing 
in customizing food ingredients and nutrition is not incorporated in this concept. 
Besides, the science of food materials construction and printing technologies 
seem to be not ready yet. 
Cornucopia’s Digital Gastronomy by MIT Media Lab (2009 - 2010) 
Cornucopia’s digital gastronomy is a new concept created by Amit Zoran and 
Marcelo Coelho from MIT Media Lab (Zoran & Coelho, 2011). This project 
illustrates the definition through three independent machine designs: the Digital 
Fabricator, the Robot Chef and the Virtuoso Mixer. All these devices are 
designed to automate various manual processes of converting original 
ingredients into end food products.  
   
Figure 2-3. Digital Fabricator and Virtuoso Mixer by Cornucopia, MIT 
From this concept shown in Figure 2-3, the Digital Fabricator on the left is 
another concept design for the 3D food printer. It comes with insulated mug 
design for the food cartridges or canisters, which are used to not only store but 
also refrigerate the different fresh ingredients. The mixing layer was mentioned 
in this design for the first time without further details about the mixing 
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mechanism, and the print head contains heating and cooling elements to perform 
required cooking processes.  
The Virtuoso Mixer on the right is basically an all-purpose food mixer with 
several types of crushing and mixing tools or devices. Additional canisters at 
the mid layer are used to store the ingredient mixtures before deposition. For 
the containers at the top layer storing off-the-shelf ingredients, monitoring 
systems are integrated to measure the weight, temperature and humidity of the 
raw materials.  
The Robotic Chef will not be introduced since it is a device used to manipulate 
and transform foods with multiple tools.  
Author’s Reflection  
Apart from the aesthetically designed appearance and engaging user experience, 
these concepts also go further into some of the technical possibilities. Basic 
elements and fundamental principles for printing and mixing are shown in the 
design though the feasibility is still unknown. Cooking methods are also 
considered and included during the entire food fabrication. In addition, the idea 
of monitoring systems give users an even stronger sense of control of what they 
are eating. These concepts are much closer to become reality comparing to the 
previous concept designs. In fact, Coelho and Zoran have already started to 
build prototypes for some of the key components. However, there will be tons 
of challenges during the experimenting and some parts of this project would still 
remain in the futuristic realm.  
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2.1.2 Functioning Prototypes from Hobbyists and R&D Projects 
Functional prototypes for food printing are usually either modified from 
existing printing system for 3D Printing hobbyists and enthusiasts to explore 
more available materials, or totally designed and built from scratch to provide 
platforms for research groups to investigate the food materials properties for 
better printing process. Different platform structures will be selected based on 
capability of different printing technologies which are mainly determined by the 
requirements of printing materials. 
In most cases, functional prototypes will not be ready for commercialization 
because some of research topic do not really have market values or potential in 
a short run while some of them lack preliminary study of product development 
in market validation as well as market size. Besides, there are a number of them 
that are created only for interested development or research experiments. Most 
of these printing system are mechanical and function-oriented rather than user-
friendly and customer-oriented. 
The CandyFab Series by Evil Mad Scientist Laboratories (2006 - 2009) 
Evil Mad Scientist Laboratories is the R&D arm of Evil Mad Science LLP. It is 
family owned small company in California working on DIY and open source 
hardware projects. The CandyFab project consists of the development of a series 
of three DIY 3D printers by 3D Printing hobbyists. The motivation of this 
project is to challenge the team to build their own device, which is economically 
competitive, capable of scaling up and using materials that are really accessible 




Figure 2-4. The CandyFab 6000 by Evil Mad Scientist Lab 
These printers use granulated sugar as printing materials and use their own 
designed novel technology called selective hot air sintering and melting 
(SHASAM). The printing stage is powder base design where the Z axis is 
elevated by stacking powder layers. Hot air gun is used to fuse the sugar together. 
By mounting the hot air gun to a belt-driven moving stage in X-Y plane, this 
system is able to “sketch” 2D profiles on each sugar layer through fusion. New 
layer of sugar will be spread, then selectively fused and stick to the previous 
layer. In this manner, 3D sugar models can be gradually constructed within the 
sugar powder sink. The building volume for the CandyFab 6000 (as shown in 
Figure 2-4) is not the largest one among the series, but it is still respectably 220 
× 280 × 180mm with a volume of around 10 litres.   
Author’s reflection 
This printer has a relatively large building envelope comparing to the other 3D 
printer at the same price level. The CandyFab series use a marginalized 
technology which also makes these printers unique and be able to deal with 
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specific group of food materials. On the other hand, due to the limitations of 
this technology, the resolution of printed food products is not comparable to the 
existing food products. In general, printed food texture is coarse and caramel 
color from sugar fusion can be found scattered. However, it is always hard to 
say what the fineness of food should be since after all food will eventually go 
into people’s mouths. The sophistication in printed food products is probably 
determined by different people’s preferences and specified purpose of the food 
products.  
Fab@Home Food Printing Project by Cornell University (2007) 
Cornell University has been working on food printing since year 2007. So far, 
most of the important scientific research achievements are related to food 
printing projects in Cornell University. Hod Lipson, as one of the most 
influential professors in food printing, from Cornell University expressed great 
confidence in 3D Food Printing for the future.  
Cornell’s research project is using one of the two early open-source DIY 3D 
printers, Fab@Home (J. I. Lipton et al., 2009). The other one is the famous 
RepRap. The difference of these two printers is that RepRap focuses on the hot 
metal nozzle extrusion design and Fab@Home is using syringe extrusion under 
lower temperature condition (Malone & Lipson, 2007). Fab@Home (as shown 
in Figure 2-5) is the most commonly used 3D Printing stage for food printing 
experiments. And the second version introduced one more syringe so as to allow 




Figure 2-5. Fab@Home 3D Food Printer by Cornell University 
Material changes are achieved through manual exchange of the syringe barrels 
in hardware, and through tagging parts of model geometry with material 
property data, planning paths based on the data, and prompting the users to 
change materials at the appropriate times. 
Cornell University’s researches focus on study of food printing materials 
including use of different combination of limited hydrocolloids to simulate a 
broad range of food materials (Cohen et al., 2009), and the study of food 
materials properties in terms of thermal stability before and after baking (J. 
Lipton et al., 2010). Some of these researches establish solid theoretical and 
experimental basis for future food printing research and development. 
Author’s Reflection 
This printer has the most popular platform design from low cost 3D printer. 
Therefore, it should be relatively easy to replicate. Available food materials for 
this printer is broader than previous powder based prototypes. However, most 
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of the research has been done in the food recipes themselves without taking 
parameters of printing and extrusion into consideration. On one hand, it 
provides a good option of platform design in future food printing research 
experiments. On the other hand, for this low cost 3D printer, it is still far away 
from commercialization since the printer design only needs to satisfy the 
minimum requirements of the academic research, and the interface 
configuration is usually complicated and only designed for engineers and 
experimenters.     
Edible 3D Printing Project by University of West England (2010 - 2011) 
As a recipient of UWE’s Early Career Researcher Grant, Deborah Southerland 
has been working on testing the potentials for 3D Printing with edible materials 
since 2010 (Southerland, Walters, & Huson, 2011). The team researches focus 
on three major directions. Two of the directions are worth noticing. 
It is so far the first time that commercial powder based 3D printer are directly 
used to print edible materials. The printer used is Z Corp powder binder 3D 
printer (Figure 2-6). And they simply replace the original powder from Z Corp 
to sugar. Instead of using hot air to fuse the sugar, edible binder is selectively 
jetted onto the powder layer to bind sugar together to form 2D profiles.  
   
Figure 2-6. Z Corp Powder Binder 3D Printer and Printed Sugar Teeth 
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The most successful prints are shown above on the right, the printing material 
is a mixture of 50 percent icing sugar and 50 percent caster sugar with a 35% 
saturation (Southerland et al., 2011). Although the surface still turns out to be 
rough, the resolution and geometric complexity become much better. 
Another interesting exploration from this team is to print silicone or plastic 
molds with the traditional 3D printers for casting single or multiple food 
products. The idea of rapid tooling is not new to us. And this has also been done 
by Cornell University mentioned previously (Periard et al., 2007). Not only 
highly customized silicone molds can be made, but also with the help of 
multiple materials printing, silicone structure can be printed as support materials 
to support food printing models.  
Author’s Reflection 
From author’s point of view, using commercial Z Corp 3D printer to print food 
can a significant attempt in the history of food printing. It basically establishes 
the theoretical and technical foundation for the latest commercial food printer, 
Chefjet. Comparing to hot air fusion in the CandyFab, this method of printing 
sugar results in a much finer surface quality. However, when compared with 
molding and stamping in tradition food industries, the surface quality still needs 
to be further improved.  
Using 3D printed molds for some of the current food industries in fact should 
be ready for implementation as long as the mold materials are food grade, this 
will certainly increase the efficiency and effectiveness in creating custom made 
food products. From the idea of using food grade materials as support for food 
printing, probably some of the low melting point food materials can be also 
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introduced as support materials so that supports can be easily taken away 
through heating after printing.  
Insect Printing Project ‘Insects Au Gratin’ by Susana Soares (2011) 
Susana is a Portuguese designer, who works on exploration and implication of 
the design of current technology and redesign of nature. Most of her projects 
involve collaboration between design and emerging scientific research. Insects 
Au Gratin is one of the examples where entomophagy is combined with 
emerging 3D printing technologies (Soares & Forkes, 2014). This project 
illustrates a more sustainable ways of eating and also demonstrates the unique 
feature that 3D Printing brings to the food fabrication that is to construct foods 
with alternative ingredient like insects, algae, grass, etc. 
   
Figure 2-7. Printed Insect Food Products and RapMan 3D Printer 
The food printer for this project is a modified version of RapMan as shown in 
Figure 2-7. RapMan is under the category of open-course DIY 3D printer 
RepRap (Hibbett, 2009). Similarly modified model was also designed and built 
in edible 3D printing project by UWE. The modified syringe extruder design 
for insect paste has much higher resolution than the one in edible 3D printing, 
and the path planning configuration is better tuned to ensure better quality. The 
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whole process of preparing insect printing materials is basically to first dry the 
insects, grind the insects into powder and then mix the insect powder with icing 
butter, cream cheese, water or other agents which have the right consistency to 
pass through the nozzle.  
Author’s Reflection 
There are many aspects that can deter people from eating something, one of the 
reasons can be the aesthetics and presentation of the edibles. It still remains 
unknown if more people will accept eating insects when 3D Printing helps to 
reshape the presentation of insect products. However one thing is for sure, with 
the help of 3D Printing, the pureed foods that solve the swallowing difficulties 
of the elderly are no long unappealing and unappetizing. Apart from this 
potential increase in acceptance, the insect products are indeed sustainable in 
terms of converting vegetate into edible protein. Substitutions for nutrient intake 
from alternative ingredients will be a promising field for the food science 
research in the future. 
As for the RapMan 3D printer platform, from users’ reviews, it is reported that 
the rigidity of this low cost 3D printer is comparatively higher without much 
noise. This is particularly good for food printing because substantial vibration 
that causes noise can be the major cause for poor hygienic condition due to the 
exposure in mechanical environment.  
2.1.3 Commercial Products and Fundraising Prototypes  
The first commercialized product usually has the first mover advantage. 
However, it is based on the fact that the target markets and user groups are 
clearly defined and validated. Researchers and designers tend to be positive 
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about the concepts and their projection of food printing while actually not all 
first movers in the market will be rewarded. In fact, there are quite a number of 
launchers approaching the market carefully by stealthily looking at those first 
movers’ performance.  Pioneers in food printing commercialization have 
already released their food printers over the past few years starting to position 
themselves on the market in order to create and capture the value to the society. 
More and more commercial food printers are said to be right around the corner. 
2.1.3.1 Chocolate Printers Lead the Campaign 
Due to the nature of low melting point and suitable consistency in liquid form, 
chocolate is the most commonly used materials for 3D food printing. And 
chocolate printers are also the main food printers in the first batch of 
commercialized printers.  
Choc Creator – The First One 
Choc Edge Ltd, a spin-off company from the University of Exeter, launched 
two chocolate printers, Choc Creator V1 and V2 (Figure 2-8). Originated from 
ChocALM system developed by an interdisciplinary group of student project, 
based on the sufficient scientific research achievements, Choc Creator becomes 
the first and one the of most famous food printers since 2012 (des Aufsatzes, 




Figure 2-8. Choc Creator V2 
This ChocALM printing system consists of a Cartesian X-Y-Z CNC machines 
and chocolate extruder. The chocolate extruder has three key components, the 
first one is the materials reservoir which contains the raw chocolate. The size of 
the reservoir basically determines the total printing volume. The second one is 
the heating element that is used to control the temperate inside the materials 
reservoir to keep chocolate in melted form with smooth consistency. The last 
component is the actuation mechanism for extrusion. Melted chocolate will 
harden instantly after being extruded and deposited onto the moving platform.  
Chocabyte – The Cheapest One 
As compared with the Choc Creator V2 which costs more than 5,000 pounds, 
there is one chocolate printer from Australia whose price can be as unbelievably 
low as 99 US dollars (as shown in Figure 2-9). That basically defines the lowest 
cost limit for food printing. Of course, the printing quality and speed needs to 




Figure 2-9. Chocabyte (99 USD) 
2.1.3.2 3D System Pushes to the Limit 
3D Systems as one of the big players in 3D Printing industry has also invested 
in food printing development and commercialization. By acquiring the Sugar 
Lab, a start-up firm based in Los Angeles, together with its own Color Jet 
Printing (CJP) technology, 3D Systems has developed food printers that can 
almost define the upper limit of delicateness and sophistication in current food 
printing status.    
ChefJet – The Most Professional One 
ChefJet and ChefJet Pro are designed to be professional-grade printers. And 
they are the only printers that are suitable for professional use on the market 
currently. The professionally certified ChefJet Pro will help culinary artist with 
creating both tasty and fantastic food decorations including chocolate, sugar and 
candy. In terms of the food appearance design, this can the only food printer 
that completely breaks through the last barrier in fabricating sophisticated food 
products and realizes true three-dimensional construction.   
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Figure 2-10. ChefJet and Printed Sugar Products 
As can be seen in Figure 2-10, interlocking candies, architecturally designed 
cakes and multi-color cocktail decorations can be achieved without worrying 
about the limits of the printers’ capability. Thanks to their core technology in 
Color Jet Printing (CJP), these printers offer the freedom of design in the third 
dimension and the design of supporting structures is no longer a necessity. CJP 
belongs to the binder jetting category in 3D Printing technologies. Basically, it 
uses food grade binder materials to selectively bind powder form food materials 
and it enables the full color printing by utilizing the digitized color data in inkjet 
print head. The sophistication is highly dependent on the fineness of the food 
powder particle. Usually, it can go very fine details with the powder size less 
than 100 µm while the mechanical strength may not be strong. However, in most 
cases, this is still not an issue in food printing. 
CocoJet – The Best Chocolate Printer So Far 
It is the latest result of 3D Systems’ partnership with The Hershey Company, 
who is the global confectionery leader known for bringing goodness to the 
world through its quality chocolate and other great-tasting snacks. This new 
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chocolate printer is previewed at 2015 International Consumer Electronics 
Show (CES). 
 
Figure 2-11. Printed Chocolate by 3D Systems' CocoJet 
Comparing to the chocolate printers mentioned previously, CocoJet (Figure 2-
11) has the highest precision and the most chef-friendly software for novel food 
creation. This printer truly shows the power and possibilities of 3D food printing 
and also gives consumers nearly endless possibilities for personalizing their 
chocolate.   
2.1.3.3 TNO Food Printing Aims for Professional Food Industry 
TNO is an independent research organization located in Netherland. It initiates 
technological and societal innovation for healthy living and a dynamic society. 
Since year 2012 TNO started to work on research in 3D Printing technologies 
and it seems that TNO is the organization that moves the furthest along the food 
printing development so far. To this Dutch research group, 3D Food Printing is 
more than just a kitchen novelty.  
They are the first organization that has been interested in high technological 
advancement tailored to individual eaters. High-end technologies like high 
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viscosity material jetting, electrospinning and laser sintering were researched 
and relevant devices were also designed.  
Another commercial industrial printer called FoodJet Printer as shown in Figure 
2-12 was developed by De Grood Innovations to mass produce the customized 
surface decorations for pizza bases and cupcakes (Millen, 2012). All this 
application are typically for industrial purposes. The technology used here is 
material jetting technology which will be elaborated later.  
 
Figure 2-12. FoodJet Industrial Food Printer 
2.1.3.4 Crowdfunding Projects Popularize the Idea 
Crowdfunding becomes an emerging trend currently for young entrepreneurs. 
Comparing to the traditional methods for fund raising, crowdfunding offers 
great advantages in providing validations as well as money. For the food 
printing concepts, a successful campaign will reveal the desirability of the 
potential customers and also determine the size of your potential market. There 
are quite a number of food printing projects that are going through and have 
gone through crowding funding recently. These are the two most famous ones. 
 Foodini (800 ~ 900 £)  
Interesting features: Sleek and hygienic industrial appearance design, user 




 Bocusini (Kickstarter) (500 ~ 600 €) 
Interesting features: Plug and play system, easy-to-use open source system and 
similar features to Foodini.  
2.2 Review of Food Printing Technologies 
3D food printing has significant advantages in high-value, low volume food 
fabrication, particularly for customized items in mass food service. Some 
printers used thermal energy from laser, hot air or other heating element to sinter 
or melt powder, and others used inkjet-type printing heads to accurately spray 
binder or solvent. A summary of the 3DP technologies and applicable 
technologies for food printing can be found in this section. 
2.2.1 Overview of 3D Printing Technologies 
As it is developed by American Society for Testing and Materials (ASTM) 
International Committee F42 on Additive Manufacturing Technologies, the 
official definition for Additive Manufacturing is “the process of joining 
materials to make objects from 3D model data, usually layer upon layer, as 
opposed to subtractive manufacturing methodologies”. And its category is 








Table 2-1. Technologies Classification of Additive Manufacturing 
Category Definition 
Material Extrusion 
Material is selectively dispensed through a 
nozzle or orifice 
Material Jetting 
Droplets of build materials are selectively 
deposited 
Binder Jetting 
Liquid bonding agent is selectively 
deposited to join powder materials 
Sheet Lamination Sheets of materials bonded together 
Vat Photopolymerization 
Liquid photopolymer in a vat is selectively 
cured by light activation 
Powder Bed Fusion 
Thermal energy selectively fuses regions of 
a powder bed 
Directed Energy Deposition 
Focused thermal energy melts materials as 
deposited 
 
There are seven basic categories for 3D Printing or Additive Manufacturing 
technologies. They are applicable to polymers, metal alloys, bio-materials, 
ceramics, and so on. Selection of technologies is usually based on printing 
materials. None of these technologies are available for all materials. For food 
printing technologies, some of them can be introduced, some may have 
potentials and the rest may not be applicable.  
2.2.2 Current 3D Food Printing Technologies 
2.2.2.1 Selective Sintering Technology 
Sugars and sugar-rich powders can be selectively sintered to form complex 
shapes. After a layer of fresh powder is spread, a sintering source moves along 
X – Y plane to fuse powder particles so that they can bind together and form a 
solid layer. This process is repeated by continuously covering the fused surface 
with a new layer of material until the 3D object is completed. TNO’s Food 
Jetting Printer applied laser to sinter sugars and NesQuik powders (Gray, 2010). 
The sintered material formed the part whilst the un-sintered powder remained 
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in place to support the structure. The CandyFab applied a selective low-velocity 
stream of hot air to sinter and melt a bed of sugar. The fabrication powder bed 
is heated to just below the material melting point to minimize thermal distortion 
and facilitate fusion among layers. Selective sintering offers more freedom to 
build complex food items in a short time without post-processing. It is suitable 
for sugar and fat-based materials with relatively low melting points. However, 
the fabrication operation is complicated as many variables are involved. The 
illustrations of Selective Sintering Technologies are shown in Figure 2-13. 
 




2.2.2.2 Hot Melt Extrusion 
Hot-melt extrusion, also known as fused deposition modeling (FDM), was first 
described in Crump’s work (Crump, 1992). In the Figure shown below, melted 
semi-solid thermoplastic material is extruded from a movable FDM head and 
deposited onto a substrate. The material is heated slightly above its melting 
point so that it solidifies almost immediately after extrusion and fuses to the 
previous layer. 
This technology is widely applied to create personalized 3D chocolate products. 
Using FDM-based extrusion system, Hao (Hao et al., 2010) compared the 
material properties among various food items and printed 3D chocolate products 
with different shapes and sizes. MIT Researchers used hot melt chocolate as a 
dispensing liquid and developed a functional prototype named “digital 
chocolatier” to fabricate customized chocolate candy. The compressed air was 
applied to melt chocolate and force it out of the chambers. A ‘3D Food-Inks 
Printer’ which dispenses 3D color images on extruded base material may also 
fall into this category, and post-processing was needed to fuse the layers 




Figure 2-14. Hot Melt Extrusion (FDM) Printing Technology 
The advantages of food printer designed based on FDM include compact size 
and low cost of maintenance. However, shortcomings such as a seam line 
between layers, long fabrication time, and delamination caused by temperature 
fluctuation, can be further improved.  
2.2.2.3 Powder Bed Binder Jetting 
In standard binder jetting technology, each powder layer is distributed evenly 
across the fabrication platform, and liquid binder sprays to bind two consecutive 




Figure 2-15. Powder Base Binder Jetting Printing Technology 
As shown in Figure 2-15, the powder material is usually stabilized by spraying 
water mist to minimize the disturbance caused by binder dispensing. In edible 
3D printing project, Southerland et al utilized sugars and starch mixtures as a 
powder material and a Z Corporation powder binder 3D printer as a fabrication 
platform. Sugar Lab used sugar and different flavor binders to fabricate complex 
sculptural cakes for weddings and other special events. This fabrication adopted 
3D Systems’ Color Jet Printing technology, and the material and fabrication 
process met all the requirements of food safety. Binder jetting offers advantages 
such as faster fabrication, ability to build complex structures, and low 
ingredients cost. But the fabricated products suffer from rough surface finish 
and high sugar content, and the machine cost is high. Post-processing may be 




2.2.2.4 Inkjet Printing 
 
Figure 2-16. Material Jetting or Inkjet Printing Technology 
As shown in Figure 2-16, inkjet food printing dispenses multi-material streams 
or droplets from a syringe-type multi-channel print head in a drop-on-demand 
way and creates 3D edible food products such as cookies, cakes, or pastries. It 
involves pre-patterning food items at multiple layers of processing. The De 
Grood Innovations’ FoodJet Printer used pneumatic membrane nozzle-jets to 
drop on-demand materials onto pizza bases, biscuits, and cupcakes (Millen, 
2012). The ejected stream or droplets fall under gravity, impact on the substrate, 
and dry through solvent evaporation. The drops can form a two and half 
dimensional digital image as a decoration or surface fill. 
Compared with other methods, 3DP is an economical and innovative way for 
mass customization in food fabrication. The quality of fabricated food items 
depends on the process and planning rather than people’s skill. This technology 
can easily and accurately perform fabrication based on customer demands.  
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2.2.3 Comparison of Different 3D Food Printing Technologies 
The summary of detailed specification and comparison of four different 
food printing technologies are listed in Table 2-3. 
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2.2.4 Prediction of Future Additive Manufacturing Technologies for 
Food Printing 
Sheet lamination is one of the seven 3DP or AM technologies. It is a technology 
that creates 2D profiles on each layer by cutting the boundaries from a sheet of 
the materials. In this manner, materials within the boundaries have already been 
filled instantly. In fact, this technology may have the potential for future food 
printing process since it will greatly improve the printing speed of fabrication. 
Usually for the current process, each layer is made by scanning or depositing 
along certain path to form a 2D shape which takes a long time, this is definitely 
not efficient. Disadvantage of sheet lamination is that the surface of the printed 
products are usually coarse with obvious “staircase effect”. The fineness is 
basically determined by sheet thickness. This trade off of adopting this 
technology to food printing is dependent on the specific requirements for the 
food products. In fact, the leftover of the sheet materials, if it is a dough, it can 
be also recycled.  
There is another good idea of forming food product, which is to lower the 
temperature to freeze the liquid food products. It is used to deal with materials 
whose melting point is below the room temperature like ice cream. In this case, 
the laser in Vat Photopolymerization (also called Stereolithography) can be 
replaced by a cooling element to selectively freeze liquid food materials.  
New technologies can also be invented for better printing speed or printing 
quality. For example, the improvement in terms of the technology can be done 
by printing the shell structure of the food models first then pour the same or 




3 Home Use Desktop 3D Cookie Printer Development 
3.1 Design Overview 
In this research project, a desktop 3D Food Printer was developed for home use 
potential. Advantages in automation and mass customization offered by 3D 
Food Printing suggests a strong possibility of introducing this technology to our 
daily lives.  
 
Figure 3-1. General Design of the Home Use 3D Food Printing Process 
Figure 3-1 illustrates the general design of home use 3D Food Printer process. 
Several food materials were selected for this 3D Food Printer. Most of the 
materials are not typically impulse and indulgence food like chocolate. And a 
majority of them are not natively printable. Therefore, the parameters for the 
food materials and the printing process require grouping, investigation and 
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optimization to achieve better printing results. Flour based products like cookie 
were mainly tested for the designed printer.  
The development of this 3D Cookie Printer consists of four major steps.  
 Printing stage design 
 Print head design 
 Cookie dough ingredients investigation 
 System integration and optimization 
Other developments such as user interface design and appearance design or 
industrial design were less focused. The ultimate goal for this design project is 
to realize the whole food printing system and achieve basic functions for a 3D 
Cookie Printer as a food printing system. Along the entire product development 
process, existing open source hardware and software were greatly studied, 
selected, modified and redesigned to serve the purpose of printing edible 
cookies products.  
3.2 Hardware Architecture 
As it is summarized in the overview section, the hardware design includes the 
development of the printing stage and the development of the print head. Since 
this cookie printer are targeted for home users, both the efficiency and economy 
of the hardware design need to be considered. Figure 3-2 shows the hardware 




Figure 3-2. Hardware Design Overview (NUS Cookie Printer) 
3.2.1 Printing Stage Design 
Stage design for 3D Printing is exactly the same as the stage design for CNC 
machines except that with the help of 3D Printing technology some of the stage 
mechanical structures can be redesigned and optimized with 3D printed parts. 
The role of stage in 3D Printing or CNC machines is to enable the movement 
and positioning of fabrication tools in three dimensional space with reliable 
accuracy and repeatability.  
Movements in three-dimensional space can be realized in many ways. The most 
commonly used one is the Cartesian X-Y-Z coordinates system. Positions are 
located along the vectors in three axes. Alternative positioning can be the Polar 
coordinates system in 2D space with Z-elevation, SCARA Robot model and 




Figure 3-3. Possible Stage Design Models 
In Figure 3-3, the top three are the simplified illustrations for the industrial 
machines. And the bottom three are the adoption of stage in 3D Printing system. 
Cartesian and Delta printers are quite popular on the market. No much 
development was done for Scara System. Pros and cons for each stage structure 
are discussed here. 
For Cartesian X-Y-Z stage, it is relatively easy to implement since it is still 
commonly used in most industrial applications. It has the largest footprint and 
can withstand the largest payload. However, the precision are usually less than 
other stages. 
For Delta stage, it is relatively fast but has less payload, which in a way 
constrains the design of print head in terms of size and complexity. But it has 
smaller footprint and the slim and symmetric design is usually aesthetically 
pleasing. Most importantly, in particular zone of each layer, Delta stage can 
have extremely high precision.  
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For Scara stage, it has the least footprint and is best for pick and place 
application only. It provides circular work envelope but has less payload and 
rigidity than Cartesian stage. Basically for Polar coordinates system, it has the 
same characteristics as the Scara system. 
Last but not the least, the 6-axis articulated robotic arm can also be one of the 
options. It has the most flexible movement in the space due to its higher degree 
of freedom. However, usually this system is extremely expensive and bulky, 
and its scale-down version is not available. Therefore, articulated robotic arm is 
not suitable for the desktop use purpose. 
3.2.1.1 Selection of Existing DIY Stage Design 
The Cartesian X-Y-X system was finally chosen for stage design. Open source 
3D printing stages were selected for design modification and improvement. 
Until 2005, most of the 3D Printers on the market are industrial scale and 
expensive. The high cost and closed nature are the major reasons that limit the 
accessibility of this technology to the public. Therefore, a few open source, low 
cost 3D Printers were developed to change the situation. Most of the printers 
are versatile and open to modification. Eventually, two first open source 
personal DIY 3D printers becomes the best candidates. 
 Fab@Home Printers 
This printer has been mentioned frequently in the previous review chapter. It is 
one of open source systems created and used by Cornell University for the food 





 RepRap Printers 
Another group famous open source desktop 3D Printers for plastic materials are 
from the RepRap project. RepRap stands for replicating rapid prototyping 
machines. The original purpose of this project is to self-replicate 3D Printers, 
meaning that to create new 3D Printers with 3D Printers. It is the first 3D 
Printers for the general purpose. And it is also the first printer that started the 
open source revolution in 3D Printing. As can be seen from Figure 3-4, this 
project has currently the most widely used 3D Printers among the global 
members of the Maker Community.  
 
Figure 3-4. Survey on the Popularity of Different 3D Printers 
Comparing to the Fab@Home printers, design structures of RepRap machines 
are even more primitive and it still keeps most of the original design documents 
at the early development stage.  
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Figure 3-5. Original CAD Design for Fab@Home and RepRap Printers 
From the CAD files for both Fab@Home and RepRap printer shown in Figure 
3-5, it is noticeable that the RepRap devices are much easier for mechanical 
design modification with most of the mechanical structure and components that 
are accessible to the users. In addition, the parts in green shown in the RepRap 
printer are actually 3D printed parts which can be easily modified and replaced 
while most of the components in Fab@Home are specially designed for layer 
cutting technique.  
Although two of these printers are developed almost at the same time period, 
the RepRap printers are much more popular in the maker community and among 
most 3D Printing enthusiasts. It is the most accessible printer around the globe. 




3.2.1.2 Design for Assembly (DFA) for DIY Platform Design 
 
Figure 3-6. CAD Model of Prusa i3 RepRap 3D Printer 
Figure 3-6 is the original CAD design for Prusa i3 3D printer from RepRap 
project, the print head design is mainly for plastic extrusion with hot end nozzle 
design. The original design still have several problems in terms of the assembly 
efficiency. Therefore, there are still a great potential to mechanically modify 





Boothroyd Dewhurst Design for Assembly (DFA) Approach 
Design for assembly is a methodology used to improve the manufacturability of 
assembled products. It is a systematic analysis process which primarily intends 
to reduce the assembly time and cost of a product by simplifying the product 
design (Tatikonda, 1994). In order to achieve the objective of designing an 
efficient and easy to replicate stage of desktop 3D Food Printer, DFA was 
introduced to reduce the time taken in the assembly process. 
The primary objective of DFA is to minimize the part counts. This leads to fewer 
parts that must be manufactured and assembled, which will be reflected in 
assembly time reduction for manufacturing process. Additionally, fewer parts 
and fewer interfaces also cause fewer failures, which has the potential to reduce 
the time taken in the testing and verification process of the product development. 
Another objective of DFA is to have remaining parts easily assembled together. 
Ease of assembly would contribute to the reduction in assembly time.  
Based on the conclusion in Tatikonda’s research (Tatikonda, 1994), the 
expected DFA results are reduced material cost, labor cost and reduced 
assembly cycle times. The total product development time is reduced greatly 
because it would be possible to reduce and eliminate multiple and time-
consuming loops in the manufacturing and testing processes. 
Implementation Methodologies – B&D Design for Assembly (DFA) 
CAD models of all components in original Prusa i3 3D printer were created in 
SolidWorks. The mating relations for assembly were also indicated according 
to the standard assembly instruction of Prusa i3 3D printer.  
DFA analysis procedures are shown as follows. 
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 Bills of materials (BoM) was generated from SolidWorks; 
 A numbered list was created in Excels for each components; 
 Boothroyd & Dewhurst DFA worksheet was created; 
 Worksheet was completed in a quantitative way of measuring the 
performance of the design of this 3D printer based on the coding and 
database for manual insertion and manual handling time. (Provided by 
B&D Inc.) 
 Total time and efficiency were calculated and other detailed design 
analysis was also carried out in order to come up with new modification 
in order to shorten assembly time and assembly efficiency. 
The flowchart in Figure 3-7 shows the process of analysis of DFA for this 3D 
printing stage. 
 
Figure 3-7. General Procedures of B&D DFA Method 
69 
 
Detailed data and calculation are shown in the appendices. The following tables 
are a summary of results in the DFA analysis of the current Prusa i3 3D Printer. 
Table 3-1. Assembly Time and Efficiency of the Original Design Model 
Total number of Assembly steps 179 
Total Assembly Time 3390.37s (56.6min) 
Total Assembly Cost 67.8074 SGD 
Total number of parts 432 
Total number of parts that require manufacturing 95 
Theoretical minimum number of parts required 78 
Assembly Efficiency 6.9% 
 
Some assumption used in this analysis and calculation are listed as follows, 
 Assembly time is estimated for continuous non-stop assembly without 
considering any time used for break in between any two steps.  
 Assembly cost is based on 0.02 SGD/sec. This rate is derived from the 
sale price difference between existing DIY kits and assembled products. 
 Parts that require manufacturing excludes all those standard components 
and other parts that can be purchased directly from the market.  
In order to shorten the assembly time, a few bottlenecks were identified first. 
The following two pie charts show the percentage of the number of steps and 





Figure 3-8. Quantity Contribution of Assembly Procedures 
 
Figure 3-9. Assembly Time Contribution of Assembly Procedures 
As can be seen in Figure 3-8 and Figure 3-9, assembly procedures that involve 
secondary operation such as bolt-nut tightening makes up more than half of the 
whole assembly process. The time needed to carry out these operation of 
fastening and tightening is usually longer than the rest insertion operations. 
Usually, additional time needed for bolt tightening process is 5 seconds 




Qty Contribution of Assembly Procedures  








Time Contribution of Assembly Procedures







(indicated by code 49 secured after insertion immediately by tightening) and 2.9 
seconds (tool acquisition time). As a result, the total assembly time needed for 
bolt-nut tightening process is almost three quarter of the total assembly time. 
Therefore, it is possible to say that the major issue that reduces the efficiency of 
assembly and construction of the stage is the excessive use of tightening 
operation. 
Another notable result is that secondary operation like reorientation, fitting and 
adjustment also constitutes a significant proportion of the whole assembly 
process. Reorientation results from the obstructed access or restricted vision, 
which suggests that the current design did not take minimization the insertion 
direction into consideration. Each orientation increase the total assembly time 
by 9 seconds.   
Design Improvements 
By applying the fundamental criteria of DFA, a few modifications were made 
to the product design in order to reduce the total assembly time. The locations 
of three major modifications are highlighted in the original CAD design shown 




Figure 3-10. Three Major Modifications from DFA 
 
Figure 3-11. Design Modification 1: Y Axis Belt Holder 
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Figure 3-11 shows the modification of the Y axis belt holder which connects 
the moving platform to the belt in Y axis. Top two are the original design. It 
consists of one support, two clamps and four bolt and nut fastening mechanism. 
Modified design introduced a 3D printed parts and timing belt is press fit into 
it.  
Original time taken for this sub-assembly is 134.8s. 
New time taken is reduced to 55.8s. 
Assembly time reduction ratio is about 59%. 
Calculation of the Assembly Time 
The general procedures of B&D assembly time is shown in the following steps. 
 Identify the number of parts involved in the old assembly design or the 
new assembly design. 
 Identify each operation of assembly like insertion, tightening, 
reorientation, etc. 
 For each operation of assembly, find the corresponding coding for 
acquiring tools, handing parts and insertion to assembly in B&D table. 
 For each code, its corresponding time needed can also be found in B&D 
table.  
 Calculation the total time for each subassembly from the summation of 





Figure 3-12. Design Modification 2: Z Axis Motor Holder 
Figure 3-12 shows the modification of the Z axis motor holder which fixes the 
position of the motor used for Z axis positioning. Top two are the original design. 
It consists of two types of 3D printed clamps and bearing support. Modified 
design only has one piece of laser cutting plate and constrain smooth rod and 
motor at the same time. 
Original time taken for this sub-assembly is 394.8s. 
New time taken is reduced to 67.8s. 




Figure 3-13. Design Modification 3: X Axis Main Frame Slider 
Figure 3-12 shows the modification of the X axis slider which is used to carry 
the entire X axis structure to slide up and down. Top two are the original design. 
It consists of three pairs of bolt and nut fastening mechanism and two laser 
cutting clamp parts. Besides, these tightening operations also involve a few 
reorientation due to the obstructed access of the bolts. Modified design only 
include one 3D printed structure which serves the exactly the same purpose. 
Original time taken for this sub-assembly is 267.6s 
New time taken is reduced to 8.0s 





New Total Assembly Time and Efficiency Summary 
Table 3-2. Assembly Time and Efficiency of the Improved Design Model 
Total number of Assembly steps 179 
Total Assembly Time 1837.3 (30.6min) 
Total Assembly Cost 36.746 SGD 
Total number of parts (Excludes Bolts and Nuts) 102 
Theoretical minimum number of parts required 74 
Assembly Efficiency 12.1% 
Total assembly time reduction is 25.9mins per one unit by 45.8%. 
Total assembly efficiency increase is 75.4%. 
Final Stage Design CAD for the Stage 
The illustration shown in the Figure 3-13 is the final CAD model designed by 
the author after going through the design improvements of the stage. Comparing 
to the original mechanical design, time taken to assemble this new stage is 
reduced by almost 50% to around 30 minutes and the assembly efficiency 
increases by 75% for the new stage design. One thing is noticeable that the time 
reduction of 30 mins is in fact not a short time. Based on the assumption that 
the assembly is continuously done without considering the break time in 
between steps and the assembly operations are done by experienced and 
specially trained technicians. In reality, it took the author more than one day to 




Figure 3-14. Final Modified CAD Model after DFA Improvement 
3.2.1.3 Stage Specification 
The improved design stage has the following design specifications, most of the 
data are for the plastic printing process.  
 Maximum printing speed: 130 mm/s 
 Maximum building volume: 150mm×150mm×150mm 
 Layer Height for PLA: 130µm ~ 300µm 
 Parts in green are parts for laser cutting manufacturing process on 
Acrylic plates of 3mm or 6mm thickness. 
 Parts in dark grey are parts for 3D Printing of ABS materials by 
MakerBot 3D Printer.  
 Stepper motor: NEMA 17, Bipolar, 30 N.cm (Holding Torque) 
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3.2.2 Print Head Design 
3.2.2.1 Review of Various Pumping Mechanisms 
The extrusion process for semi-solid food materials in this 3D Cookie Printer 
requires a suitable pumping system. Mechanical pumps can be classified by 
their methods of displacement into positive displacement pumps, impulse 
pumps, velocity pumps, gravity pumps and so forth.  
There are two basic type of pumps: positive displacement and centrifugal. In 
food printing application, this desired pumping system falls into the first 
category, within which a fixed amount of food materials will be trapped and 
forced to discharge. The second group of centrifugal pumps usually can 
continuously supply hydrodynamic energy by accelerating the fluids enter the 
pump from rotational energy of the impeller. Since the materials need pumping 
in this project are viscoelastic materials, which does not follow most of the rules 
of fluid mechanics. The centrifugal pumps are not applicable in this application.  
The positive displacement principles are used in all these pumps, there are a few 
types of positive displacement pumps. 
 Progressive cavity pump 
 Rotary gear pump 
 Piston pump 
 Screw pump 
 Hydraulic pump 




A few ideas has been tested in previous research for extruding different materials. 3D 
Fruit Printer by Dovertailed used peristaltic pumping system to print drops of fruit 
juices with sodium alginate into a cold bath of calcium chloride to form fruit in 
raspberry-like shape. The peristaltic pump is shown on the left below. The rotor 
attached to the external surface of the tube compresses the flexible tube by rotating to 
force the materials to be pumped and move through the tube.  
   
Figure 3-15. Example of Peristaltic Pumping System for Fruit Printer - 
Dovertailed 
Progressive cavity pump is firstly tested in this project for printing starch water mixture. 
The typical design for this progressive cavity pump is called Moineau Pump. Although 
base on the theoretical study, this pump has less impulse forces during pumping, due 
to the poor design for sealing and inconvenience for cleaning, the design was eventually 
abandoned.  
    
Figure 3-16. Progressive Cavity Pump Design and Test Trial 
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3.2.2.2 Final Print Head Design 
Similar idea of syringe pump was considered for cookie dough materials 
extrusion. It is based on the linear actuator design with a lead screw to transmit 
rotational motion into linear movement. The same type of stepper motor for 
printing stage is used for this actuation. The moving stage along the lead screw 
is attached to the pusher of the syringe to force the materials out of the syringe.  
The yellow structure was printed in unibody design. Assembly is only designed 
to make the holder for the syringe tube interchangeable for different syringe size. 
The side holes were design for this purpose. Grooves were also designed behind 
the lead screw to provide guidance for the leaner motions during extrusion. 
   
Figure 3-17. Initial Design of the Cookie Printer Print Head, Syringe Pump 
This design is used for the early stage cookie dough recipe testing. The whole 
structure are 3D printed with PLA materials using MakerBot 3D Printer. 
However, the whole structure is bulky and heavy. Although this concept was 
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able to extrude cookie dough smoothly and consistently. It is relatively difficult 
to be installed onto the printing stage gantry and it will take a lot of space.  
A through-shaft linear motion stepper motor was finally selected instead of the 
syringe pump design. When the rotation of the shaft is constrained externally, 
actuating the motor will enable the translational motion of the shaft.   
 
Figure 3-18. Through Shaft Stepper Motor 35BYG (1.8º/step) 
   
Figure 3-19. Final CAD Model and Physical Prototype 
The white piece of printed structure in the Figure on the right is designed to 
mount onto the Acrylic moving stage of the printing platform and to hold the 
position of the through-shaft motor on the top and also the material capsule at 
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the bottom. The yellow piece of printed structure above the motor is a guider 
for the shaft to move up and down without rotating.  
 
Figure 3-20. Print Head Design Details 
The material capsules are inserted from the front of the structure and pushed 
until the capsule tube is concentric with the motor shaft. And the flange of the 
tube needs to be twisted slightly to get fixed in the vertical direction. The bottom 
of this structure has an aligner to let the material capsule rest on it in the vertical 
position. With a cable tie at the end, the capsule can be locked at its final position 
after installation of materials. After attach the shaft to the piston inside the 
capsule, the print head is then ready for printing.  
3.2.2.3 Sizing of the Actuator 
Through-shaft linear motion stepper motor specifications 
Model type: 35 BYG 
Step angle: 1.8degree 
Current: 1.5A 
Treaded rod diameter: ⅆ𝑚 = 6.35mm 
Holes for Cable Tie 
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Treaded rod length: 110mm 
Lead or thread pitch of the lead screw: L = 1.59mm 
Acme threaded screw is the screw profile for the through shaft lead screw. 
 
Figure 3-21. Acme Threaded Screw 
Equation of the relationship of motor holding torque and max extrusion force. 
 
These are the modifications for the Acme threaded screw. 
 





Therefore,  𝜆 = 4.593. 
When the rotating speed is very slow, the torque provided will be close to the 
holding torque. The holding torque for the linear actuator is THolding = 22 N.cm. 
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Therefore, from the calculation of the maximum extrusion force the motor can 
generate is 48.92 kg.force. The max force required for cookie dough extrusion 
from syringeability test is less than 25 kg.force. Therefore, the motor chosen 
satisfies the requirement of this extrusion process.  
3.2.2.4 Casing Design 
Breadbox concept design 
   
Figure 3-22. Breadbox CAD Model for Current Cookie Printer 
This is the concept casing design for the 3D Cookie Printer. The idea is inspired 
by the classical breadbox design. Case design is necessary for food printing 
system due to the hygienic requirement. Proper ventilation system should also 




Thermal forming industrial design casing 
 
Figure 3-23. Physical Prototype of the Printer Casing Design 
This case prototype is done by one of the part-time students working in 
manufacturing industry. The technique of thermal forming was used to fabricate 
the casing in unibody design.  
3.3 Cookie Dough Ingredients Investigation 
The cookie dough original recipe is obtained from the previous research of 
“food printing with complex internal structure”. The recipe is firstly tested 
using the designed print head. The recipe and observation of the printing 







Table 3-3. Original Cookie Dough Recipe and Printing Observations 
Recipe Observations 
220g unsalted butter 
110g caster sugar 
3 egg yolks 
330g flour
 
Substance was rather dry and ‘crumbly’. Did 
not stick well together like dough. Lumpy 
texture. 
A great amount of force was required for 
extrusion. Extrusion was not smooth. As the 
dough did not stick well together, the extruded 
material strings kept breaking into parts 
 
 
The first modification was proposed to replace the caster sugar with icing 
sugar. The observations are described in the follow table. 
Table 3-4. First Modification of the Cookie Dough Recipe 
Recipe Observations 
220g unsalted butter 
110g icing sugar 




Substance was much moister as compared to the 
recipe with castor sugar. The dough held well 
together and has a smooth consistency. 
Much lesser force was required for extrusion. 
Extrusion was smooth. There are still problems 
of being a little too dry and breakage of extruded 
material. 
Layers were able to hold up.  
When extruded with small gap between nozzle 
and platform, the prints tend to have better 
adhesion and compact patterns.  
The second modification was proposed to double the egg yolk in order to 
introduce more moisture to prevent the breakage from happening. The 





Table 3-5. Second Modification of the Cookie Dough Recipe 
Recipe Observations 
220g unsalted butter 
110g icing sugar 




The dough held well together and has a smooth 
consistency. 
Much lesser force was required for extrusion. 
Extrusion was smooth.  
The problem of breakage was eliminated. 
The baked structure was not stable and did 
not hold up. 
  
As can be seen, the increase in egg yolk indeed brought in moisture to avoid the 
breaking during printing process. However, the structure thermal stability after 
baking becomes much weaker. This is probably due to the fact that not only 
water was brought into the materials, the substantial amount of fat in egg yolk 
was also introduced to the recipe, which is less heat resistant.  
The finalized cookie dough recipe was achieved by a great number of trial and 
error experiments with the proposals and suggestions from Food Science and 
Technology Lab. The final result for the cookie dough recipe is shown as follow.  
Table 3-6. Finalized Cookie Dough Recipe and Print Parameters 
Recipe Observations 
30g unsalted butter 
20g powdered sugar 
10 egg white 
55g all-purpose flour 
 
 
Moisture of substance was just right.  
Less force was required for extrusion.  
Extrusion was smoother as castor sugar was 
replaced with icing sugar.  
The dough stuck well together, allowing layers 
to stick well together, layer upon layer.  
The printed object held up well. 
  
Printing Parameters: Infill speed 5mm/s 




3.4 Parameters Optimization 
3.4.1 Flow Math and Parameters for Extrusion Process 
This flow math is used to figure out the distance of extrusion paths in order to 
get a good continuous finish and the exact amount of materials to be extruded 
along such paths. 
If two adjacent paths are too close (or too much material is extruded), it will 
result in overlap. If two adjacent paths are too much apart (or not enough 
material is extruded), it will cause gaps or delamination 
By extruding more or less while moving (i.e. by changing the flow speed/head 
speed ratio) we can make paths thicker or thinner. 
Slic3r assumes that the cross-sectional shape of an extrusion is a rectangle with 
semi-circular ends shape. 
Relationship between desired extrusion width and volume to extrude is shown 
in Figure 3-24. 
 
Figure 3-24. Flow Math Scheme for Cross Section of the Road Path 
Deposited filament cross-section area. 











Per distance unit of the path, amount of extruded material E: 
𝐸 = 𝐴𝑟𝑒𝑎 × 𝑙 
w and h can be defined by the users manually by setting the perimeters, infill 
etc. Otherwise, extrusion width will be calculated by matching flow speed and 
print head speed. 





= 𝑀𝑜𝑡𝑖𝑜𝑛 𝑆𝑝𝑒𝑒ⅆ × 𝐴𝑟𝑒𝑎 
 
3.4.2 Taguchi Method 
Taguchi’s techniques are used to optimize both process and product design 
based on experimental investigation. The primary advantages of the design of 
experiments (DOE) using Taguchi’s technique include simplification of 
experimental plan and the study of interaction between different parameters. R. 
Anitha (Anitha, Arunachalam, & Radhakrishnan, 2001) studied the parameters 
influencing the quality of prototypes in FDM printing using Taguchi’s 
techniques. Identifying the parameters as layer thickness, road width and print 
speed, surface roughness as the print quality, they concluded that layer thickness 
has a strong inverse relationship surface roughness. Optimal value for each of 
the parameters are also identified from experiments.  
Using R. Anitha etc. works as the basis, Taguchi’s technique is applied to the 
food printing. Process parameters are identified similar to R. Anitha etc. works. 
They are print speed, extrusion speed and nozzle height. The print speed is the 
speed of the axes X, Y and Z belt driven by stepper motors in mm/s (millimeters 
per second). The extrusion speed is the speed of the extruder stepper motor on 
the print head also in mm/s. and the nozzle height is the distance from the print 
bed to the nozzle of the syringe. 
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Table 3-7. Proposed Levels of Printing Parameters in Taguchi's Method 
Parameters print speed extrusion speed nozzle height 
level 1 5 mm/s 100 2mm 
level 2 10 mm/s 200 3mm 
level 3 15 mm/s 300  
As per Taguchi’s method, 3 levels of each parameter are chosen with the 
exception of the nozzle height having 2 levels. This gives an orthogonal array 
of 9 experiments. 
Table 3-8. Orthogonal Array of Experiment Sets from Taguchi's Method 
 print speed extrusion speed nozzle height 
experiment 1 5mm/s 100 2mm 
experiment 2 5mm/s 300 2mm 
experiment 3 10mm/s 300 2mm 
experiment 4 15mm/s 100 2mm 
experiment 5 15mm/s 200 2mm 
experiment 6 5mm/s 200 3mm 
experiment 7 10mm/s 100 3mm 
experiment 8 10mm/s 200 3mm 
experiment 9 15mm/s 300 3mm 
The print quality or the measureable parameter identified in this case would be 
the extruded width and its variation along a straight line. A print pattern was 




Figure 3-25. Experiment Sample 
The experiment is done such that, a high resolution image of the print pattern is 
taken after each experiment. Figure 3-24 shows a sample image of one of the 
experiments with a close up of one of the straight lines with the width labelled 
with a red double-headed arrow. The variation of the width along a straight line 
print shown on the right and the mean width are then obtained using an open-
sourced imaging software (ImageJ) and Matlab. 
3.4.3 Problem 
However, after several experiments, it is noted that some of the prints are of 




Figure 3-26. Experiment Samples with Bad Print Quality 
As seen from Figure 3-25, experiment 2 in Figure 3-25 (A) shows very bad print 
quality and experiment 4 in Figure 3-25 (B) has no print which implies that no 
data can be extracted from these 2 experiments. This is because, for the case of 
experiment 2, the extrusion speed is too high while the print speed is too slow. 
The flow rate of the dough becomes too high, resulting in too much dough being 
extruded per unit time. For the case of experiment 4, the extrusion speed was 
too slow while the print speed was too fast, resulting in low flow rate. Thus, 
Taguchi’s techniques could not be used in this context.  
From the Taguchi experiments, it is imperative to know the sets or range of 
values of print speeds and the corresponding extrusion speeds which will give 
acceptable prints. Also, it is observed that given a fixed nozzle height, the print 
speed and extrusion speed are related. Thus, a new experiment is needed to be 
carried out to find the relationship between print speed and extrusion speed. 
3.4.4 Relationship between print speed and extrusion speed 
Using the same pattern of print as mentioned above for the Taguchi method, the 
print speed is adjusted from 10 mm/s to 100 mm/s in intervals of 10 mm/s while 
the extrusion speeds are varied accordingly to get acceptable prints. A graph of 




Figure 3-27. Graph of the Relationship of Extrusion Speed vs Print Speed 
As seen from Figure 3-27, the blue region marks the acceptable prints while any 
values outside the region will result in bad prints or no prints. It is then observed 
that there is a positive linear relationship between print speed and extrusion 
speed. Also, it is found that the food printer is capable of printing of speeds up 
to 100 mm/s as seen from the graph. However, at such high speeds, the extrusion 
speed is also high which implies that more dough is extruded per unit time. 
Given that the existing printer could only accommodate a small syringe (20cc), 
the amount of dough will not be sufficient for bigger prints. A bigger syringe is 
needed which will be discussed in the next section. 
Using the graph, 10 sets of print speeds from 10mm/s to 100mm/s along with 
the respective extrusion speeds which are selected based on the average values 
of the ‘printable’ extrusion speeds for 1 print speed (as seen in Figure 3-27, the 
average values are marked by the black line between the boundaries of the blue 
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region). For example, for print speed of 40mm/s, the corresponding extrusion 
speed will be: (700+500)/2 = 600 steps/mm 
From the 10 prints, 10 images are obtained in the form of the figure below. 
    
Figure 3-28. Binarization of Experiment Result 
The images are then binarized to give the resulting figure shown above. 
Using the binarized images, a Matlab code with an algorithm is written to obtain 
the widths in terms of the number of pixels. Microsoft Excel is then used to 
calculate the average width and its variation.  
 


















Width Pixels Distribution against Print Speed
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It is observed that the average width does not change much across the different 
print speeds. This further affirms the positive linear relationship between print 
speed and extrusion speed. Other parameters may have insubstantial effects on 
the road width. 
3.5 Food Model Design for 3D Printing 
Not all food model design will be able to get printed by this cookie printer. 
Therefore, there are still a few limitations in terms of the food model design for 
3D Printing.  
First of all, this cookie printer is not available for printing support structures, 
meaning that design with obvious overhang features may not be able to print 
without collapsing. However, due to the material properties, final structure can 
withstand a certain angle of overhang features. In most cases, it can be 
considered as design for bench-top printing process.  
Due to the inbuilt path planning algorithm, number of thin feature designs 
should be minimized or at least the thin feature minimum dimension should be 
greater than twice of printing resolution which is around 3mm. Otherwise, there 
may be a lot of breaking point for the whole printing process and due to the 
viscoelastic property of the materials, a lot of material residues can be deposited 
randomly and detected in the final prints. 
During the food modelling design, the orientation should be carefully 
considered because there is a maximum number for layers and the less the layers 




3.6 Printed Product Results and Potential Improvements 
The project has been reported in the Channel NewsAsia, The Straits Time, 
Vulcan Post and www.3ders.org. And the cookie printer prototype has been 
brought to ArtScience Museum in Singapore for many exhibitions.  
The printed product results are shown as follows. 
The mashed potato container printed on the left has a layer number of as many 
as 14. The cookie printed on the right has several hollow features with a good 
thermal stability after baking. 
   
Figure 3-30. Mash Potato Container Cookie and Hollow "G" Shape Cookie 
Chocolate cream was also printed in a heart design. The cookie printed on the 
right is a design for one of our members’ name with a good consistency in terms 
of the road width.  
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Figure 3-31. Heart Shape Chocolate Cream and Cookie with Name Design 
These left printed cookie with spiderman logo on it illustrates the fineness and 
sophistication the cookie printer can reach to. And there is a printed cookie 
table shown on the right. 
   




Gallery of other culinary design with cookie printing is shown as below. 
     
 
Figure 3-33. Other Culinary Design with Cookie Printing 
Improvements still need to be done at the minimum thin feature thickness or the 
resolution of the printing. And also the maximum number of layers for food 
materials should be increased. The acceptance for the efficiency of the printing 
process is still under investigation. Preliminary study for the acceptance can be 
found in chapter five. The time taken for printing one palm size cookie of 
diameter 5mm is around the 4 to 7 mins and the baking time will take another 4 
to 5 mins. Therefore, the lead time from design to something that is ready to eat 
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is at least 10 mins at this moment. Different people will have different 
expectation for the fabrication speed. But definitely the faster the speed is, the 
better user experience will be. The improvement in the printing speed will be 
one of the major topics for the future development research. Other potential 
improvements can be the thermal stability of the printing materials as well as 





4 Food Printer Mixing Print Head Design 
4.1 Design Overview and Objective 
To create completely custom made food products requires a wide range of food 
materials available for food printing. This can be one of the most urgent 
challenges that 3D printer inventors are facing currently. The direct solution can 
be a system that is compatible with printing the entire food materials library. 
This is actually the original motivation for multiple print head design and 
interchangeable print head design. However, the goal of printing almost every 
food material required by different customers is practically unachievable. 
Therefore, there comes the alternative solution that is to combine and mix a 
small group of food ingredients in order to achieve a relatively large food 
materials matrix. The mixing techniques were thus explored and selected to 
enable the ability of varying the ratio of food materials composition during 
printing and creating more available food prints.  
In this research project, the objective is to firstly introduce the dynamic mixing 
concept to mix and print two materials or the same material with two different 
color in time-dependent material composition during the printing process. This 
is to provide the preliminary experimental investigation for the future food 
ingredient customization.  
4.1.1 Fundamental Theory in Food Science 
In the research of Cohen and Lipton (Malone & Lipson, 2007) in hydrocolloid 
printings, the idea of combining different hydrocolloids and varying the ratio of 
101 
 
their concentrations to simulate the texture and flavor of existing food products 
has been tested. By fine tuning the ratio of two hydrocolloids xanthan gum and 
gelatin, a very wide range of textures or mouthfeels can be achieved like cooked 
spaghetti, cake icing, tomato, etc. Not only does the mouthfeels were simulated, 
but the flavors were also redefined by tuning the flavor additives. This research 
basically proves the concept of creating wider range of materials set through 
combination of small group of food ingredients.  
4.1.2 Review of Mixing Techniques 
The current mixing techniques of semi-solid viscoelastic materials like flour-
based food materials can be categorized into two groups.  
4.1.2.1 Non-agitated Mixing Techniques 
The first group is non-agitated mixing processes which include no moving 
components inside the structure and during the mixing process. The mixing 
takes place solely due to the driving force from the materials pumping system, 
and there may be a large pressure drop when materials go through the inbuilt 
structure. One of the representative non-agitated mixing designs is the industrial 




Figure 4-1. Kenics Static Mixer 
Static mixers are commonly used in the industry for the A-B epoxy adhesive 
resin mixing and dispensing process. Large amounts of work have been done to 
research on flow inside the Kenics helical element static mixers, which is the 
most commonly used and patented static mixer (Hobbs & Muzzio, 1997). This 
technology will be one of the most promising mixing techniques that can be 
used in food printing process since it is an industrial standard product. However, 
there may be still a few technical issues that need to be solved before the actual 
application like flow consistency, cleaning and recycling due to residue, etc.  
Besides, typically for food printing applications, dynamic mixing ratio will be 
of great value in order to extrude food materials with continuous color changes 
or composition changes. More research needs to be done in terms of the 
dynamic mixing ratio change during the printing process. 
4.1.2.2 Agitated Mixing Techniques 
Another group of mixing techniques is agitated mixing processes. As the name 
implies, there are moving parts inside the mixing mechanism. One of the 
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examples can be the rotary mixers where the helical element of static mixers 
become rotational. Similar applications can be found in the industries of 
extrusion molding process where the screw driving mechanism is commonly 
used except that the geometries of rotors or screws are specially designed to 
provide efficient driving forces for extrusion. 
   
Figure 4-2. Oscillating Mixing and Surface Mixing 
In the study of Caleb Ian Millen (Millen, 2012), two testing rigs for agitated 
mixing were designed and tested. One of them is using oscillating mixing where 
the periodic motion takes place in vertical direction. The other one is using 
conical surface mixing with large contact area for mixing due to friction in 
between the contact surfaces. The mixing from oscillation achieved an 
acceptable result in two color mixing experiment. 
4.2 Hardware Architecture 
In this project, the rotary mixing nozzles were used to achieve one of the 
agitated mixing processes. The rotary mixing nozzles are constructed by 




Figure 4-3. Rotary Mixing Nozzle Model 
As it is shown in the Figure 4-3, the green pieces are the rotating parts of these 
mixers. The green element can connect to a drive shaft to get driven in the 
rotation directions as well as the rotation speed of the mixing. The mixing 
element has the same geometric profile as the one inside the static mixer. Based 
on the industrial experience of mixing applications, rotary mixing nozzles allow 
for a more thorough mixing comparing to static mixing nozzles. Therefore, a 
better mixing result potentially gives a more precise control in terms of the 
materials distribution of the printed food products. As a result, to design a 
mixing print head with rotary mixing nozzles is more meaningful for fabricating 
better custom made food products. 
4.2.1 Design Overview 
Construction of the mixing print head involves the design of four basic 
components. Since the food printing includes storage and refilling of food 
materials, the materials are required to be kept in a hygienic environment to 
ensure the health and safety. Therefore, design for ease of cleaning should be 
frequently taken into concern. Ease of cleaning requires ease of access, which 
usually includes both ease of disassembly and proper openings design.  
The four basic components for mixing print head design are listed as follows. 
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 Materials pumping and refilling system  
 Mixing chamber 
 Mixer actuation system 
 Jigs and fixtures 
Bowden system is heavily used in the plastic 3D printers. It is a kind of cable 
system used to transmit mechanical force or energy by moving an inner cable 
relative to an outer hollow cable housing. The major advantage of Bowden 
system is that the driving system for the extrusion can be located separately at 
a fixed position to reduce the total weight of the extruder and the orientation of 
the driving system will not affect the printing performance.  
 
Figure 4-4. Bowden System in Plastic 3D Printing System 
Similarly to Bowden system shown in Figure 4-4, tubing system was adopted 
in food printing mixing design. The materials pumping system is located 
separately so as to ensure the stability of the print head motion. Food materials 
will be still installed into capsules and pushed through the tubing system to 
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merge at the mixing chamber. After going through the rotary mixing process, 
the mixture will form and be extruded out from the nozzle.  
4.2.2 Important Factors of Mechanical Design 
Ease of Cleaning 
As it is mentioned in the overview, ease of cleaning is an important factor for 
the usability design of the print head. Materials used for mixing may contain 
fat-soluble ingredients that cannot be simply flushed by water. Therefore, the 
closed chamber inside the print head is required to be easily accessible for 
cleaning purpose with simple assembly and disassembly design. Besides, the 
openings for each part after disassembly should be large enough for the cleaning 
tools to get access. Therefore, ease of cleaning is mostly dealing with design for 
ease of assembly.  
Sealing 
Sealing is another important factor when dealing with mixing of fluids or 
semisolid fluids. Especially when the design involves many parts for assembly. 
Decent sealing process will firstly ensure a clean user experience by preventing 
the leakage of sticky food materials from happening, and secondly provide a 
stable condition for better mixing performance.  
Compact 
A compact design also needs to be considered for desktop printing machines. 
Home use or office use devices prefer a neatly packed design to consume less 
space of the end users. One of the examples can be to minimize the volume of 
the mixing chamber so as to prevent bubbles from happening and reduce the 
waiting time for mixing. Another example can be to minimize the length of the 
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tubing system for the transmission of the materials from capsules to the mixing 
chamber. This is not only to help reduce the pressure drop but also to create a 
neat presentation to the customers.  
Rigid and Durable  
These two factors are usually required for long time use household appliances. 
Especially when the device includes many moving parts inside and needs to be 
operated repeatedly and sometimes vigorously. The mechanical structure design 
should be strong and durable enough to maintain sound and consistent 
performance.   
4.2.3 First Mixing Print Head Design 
    
Figure 4-5. First Mixing Print Head CAD Model 
The first design mainly focuses on the realization of mixing function. As the 
first prototype, the size and the weight of the design was not really taken into 
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consideration. As long as it can possibly function and has the mounting plate to 
attach onto the moving stage, the proposed design would be prototyped and 
tested.  
As it is shown in the CAD model, the mixing print head include two capsules 
for the storage and pumping of two kinds of materials, tubing system to connect 
capsules and mixing chamber, and rotary mixer with driving shaft linking to 
actuation mechanism.  
 
Materials pumping and refilling system 
The pumping mechanism for multiple food materials remains the same as the 
idea of positive displacement pumping system in the 3D Cookie Printer. The 
actuators used are the smaller version of through shaft stepper motors. When 
the motors are actuated, the shaft will force the capsule’s piston to move up and 
down. And an aluminium connector is designed to connect the motor shaft to 




Figure 4-6. Hook Mechanism for Motor & Capsule Module 
As can be seen from the Figure 4-6, each motor is mounted to a syringe holder, 
which can be hooked to the stand behind. The module of motor and capsule can 
be easily replaced. And if more stands are available in the base structure, more 
modules can be introduced.  
The refilling system is still done by manual process. The design concept follows 
the single materials print head design. The capsule will be inserted sideway and 
rotating the flange of the capsule fix the position of the capsule. The freedom of 
rotation for the motor shaft is constrained by the friction of the piston to the 
syringe inner surface. With this freedom constrained, the shaft together with the 
pusher will be able to move up and down to feed the material into the tubing 






    
Figure 4-7. Mixing Chamber Details 
The mixing chamber is designed to be as compact as possible to make sure the 
materials leaving the tubes will be pushed to the mixer with the shortest 
transportation time. To enable the ease of disassembly idea and also prevent the 
leakage of materials from happening, an innovative design of bottle cap 
mechanism is adopted to ease the installation and uninstallation of the mixer to 
the mixing chamber by screwing and unscrewing the cap. And also with the 
screw threads in the design, the materials can hardly escape from the chamber. 
The two inlets of the chamber are also designed tangential to the inner surface 
of the chamber to ensure a smooth entrance of the materials before mixing.   
Mixer actuation system 
A universal joint is used to couple the rotating element inside the mixer and the 
shaft of the actuator. The same stepper motor is used for the actuation of the 
rotation. The reason for the universal coupling is to compensate the 
misalignment of the motor shaft to mixing element during the mixing process. 
The misalignment can potentially cause the mixing element to be closely in 
contact with the inner surface of the mixer tube due to the poor straightness of 
the mixing element from low quality fabrication. The unnecessary close contact 




Jigs and fixtures 
As it is mentioned before, the mixer is attached to the mixing chamber by the 
bottle cap mechanism. And the mixing chamber, several feeding capsules and 
the mixing actuator are all fixed onto a 3D printed mounting structure with a 
unibody design.  
    
Figure 4-8. Mounting Structure Design for Print Head Holder 
This is structure includes two layers, the top layer contains three sets of capsules 
holder plus feeding capsules stand. Therefore, at most three kinds of material 
capsules together with the push mechanism can be hooked onto the mounting 
plate with the proper alignment controlled by the holders. The bottom layer 
consists of the mounting holes for the stepper motor for mixing and three 
mechanically adjustable cylindrical shells to help fix the material capsules 
positions.  
Behind this structure, there is a mounting plate with multiple holes for the 
installation onto the moving stage of the printer.   
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4.2.4 Testing Result 
The materials used for this mixing test is plain wheat flour and water mixture. 
The composition ratio of flour and water is 1: 1 by weight. This proposed ratio 
and materials combination is used as printing materials before with acceptable 
printing performance.  
Steps of preparation for testing are listed as follow. 
 The mixture was evenly divided into two portions, labeled as sample A 
and sample B. 
 Green coloring was added to Sample A and stirred the mixture 
thoroughly. Nothing is done to Sample B. 
 Color scale was prepared for different mixing ration of Sample A and B. 
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Figure 4-9. Color Scale for Mixing Test 
 Feed two materials into the two pumping system. 
 Pumping sequence of the two pumping system was designed to be: 
Constant extrusion for Sample B for 15 seconds; 
Constant extrusion for Sample A for 15 seconds; 
Repeat once, when one is pumping, the other one should be held. 




Figure 4-10. Result of Mixing Materials in Two Different Color 
As can be seen from the printing result shown in Figure 4-10, the gradient color 
change can be identified following the designed sequence of materials pumping. 
The color composition ratios were roughly estimated and indicated by 
comparing to the designed color scale. The distance of color changing at 
different sections cannot be theoretically calculated due to the fact that the 
printing speed is not evenly controlled from manual process. Another important 
finding is that comparing to the result of static mixing with the same length of 
the mixing, the mixing is more thorough and color is more evenly distributed.  
However, no quantified measurement has been done in this testing results. 
Therefore, it can only prove that this mixing print head design can perform basic 
mixing function. The performance in terms of consistency and stability of 
mixing as well as the data for time delay requires further experiments in the 




4.2.5 Second Mixing Print Head Design 
     
Figure 4-11. Second Mixing Print Head CAD Model 
The second design mainly focused on the design of compactness and also the 
design of usability. The final design was finally implemented into the three axis 
printing stage.  The size of the print head is greatly reduced and reduction in 
payload increases the reliability of the print head motion.  
Materials pumping and refilling system 
The materials pumping system is changed to the modified syringe pump system. 
It still belongs to the positive displacement pump category, but a more powerful 
mechanism was used in the push mechanism. The idea had been tested in the 
early stage development of the pumping mechanism. Due to the fact that the 
first design is bulky and clumsy, the new design relocates the two material 
capsules onto the stationary frame of the printer and only the mixer and mixing 
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chamber will move together with the moving stage. The pumping design still 
keep the idea of changing material capsules in different sizes with the 
interchangeable syringe holder. From the right illustration in the Figure 4-11, 
the frame design of the syringe pump is optimized to have a lightweight 
structure and also consume less space. As it is shown in the Figure 4-12, two 
pairs of hooks are designed to hang the two syringe pumping system onto the 
horizontal gantry.  
     
Figure 4-12. Second Mixing Print Head Prototype 
Mixing chamber 
As it can be seen from the Figure 4-12 on the left, a more compact mixer are 
selected with better design in terms of the sealing, and the rotating mixing 
element has a hexagonal hole at the top end for the shaft to slot in. And also the 
metal spacing bars are used to locate the positions of three layers and the 
positions of the two inlets.  
Mixer actuation system 
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A more compact and powerful DC motor is selected to drive the mixing element 
in the new design. The size of the motor is reduced to one quarter of the previous 
design. However, the holding torque almost doubles as compared to that of the 
stepper motor used previously.   
 
Figure 4-13. GM21 Mini Metal Gear Motor (Stall Torque 73 N.cm) 
Jigs and fixtures design is incorporated inside the previous three components 
design. The testing of the second design has not been performed yet due to the 
time constraint and lack of manpower resources in the control design and 
integration. However, from the mechanical design aspect only, the second 
mixing print head will be possible to be integrated to the current printing stage 
due to its compact and lightweight design and it will be more likely to have a 






5 Market Survey and Validation of 3D Food Printer 
Through a series of the media exposure and coverage of this food printing 
project, the first cookie printer prototype and the food printing concept were 
introduced to the local public and the whole printing process was also 
demonstrated to the public during three times of exhibitions in Singapore 
ArtScience Museum. The museum is the world’s first ArtScience Museum for 
the public to discover novel concepts and creativity at its best through art, 
science, design, media, architecture and technology. 
During each exhibition, an introduction video of 3D Food Printing was shown 
to the visitors. The team had also elaborated and demonstrated the technical 
details for the visitors to have better understanding. And most importantly, more 
than 20 batches of cookies were designed, printed, baked and tasted by a number 
of visitors. The taste has 100 percent positive feedback.   
During each exhibition, surveys were also conducted to gauge the 
understanding, acceptance and expectation of the visitors to 3D Food Printing. 
In this chapter, responses from 30 visitors who visited one of the exhibitions for 
3D Printing were statistically analyzed to explore and validate the future market 





5.1 Survey and Questionnaire Design 
5.1.1 Survey Objectives 
The design of survey and questionnaire serves the purposes of 
 Understanding the background of the subjects; 
 Understanding the cooking style and preference of the subjects; 
 Investigating subjects’ attitudes towards the existing food printer 
prototype; 
 Exploring the understanding and desirability of the subjects on the food 
printing concept; 
 Figuring out the expectation from the subjects and project improvement 
potentials.  
Apart from the basic information of the visitors, this survey is looking for two 
types of responses. The first one is the attitudes towards the prototype or device 
that is physically presented to them for them to personally experience. This 
feedback will give us good insight about how the next development stage should 
go to. And the second one is the attitudes towards the food printing concept in 
general. This feedback will give us an idea from customers’ point of view 
whether the food printing concept is meaningful and has a potential market in 
the future. The ultimate objective of this survey is to explore and validate the 






5.1.2 Questionnaire Structure 
The questionnaire includes basically four section. 
The first section consists of six questions. All of these questions are asked to 
know about the visitors’ basic information as well as their cooking style and 
preference.  
 
Figure 5-1. Questions Set in Questionnaire Section 1 
A majority of the questions are closed questions. All the provided answers are 
ensured to cover all possibilities except for the last question subjects need to 
specify the food they want instantly to be made at that moment. These first sets 
of question are originally designed not to involve many information related to 
the idea of 3D Printing. And most of the people who joint this exhibitions do 
not have basic knowledge about 3D Printing. Designers of the questionnaire 
tried to avoid directing the feedback from the visitors to what designers 
themselves were expecting.    
The second section consists of one big question with seven small questions. This 
section is designed to understand visitors’ attitudes towards the cookie printer 




Figure 5-2. Questions Set in Questionnaire Section 2 
7 point Likert scale question was designed for measuring the scale of their 
opinions. This is the most widely used approach to scaling responses in survey 
research. Since this set of questions are to help the developers to understand 
more about this cookie printer prototype from potential customers’ point of 
view, designers would be able to focus on the development of device features 
that are closely related to user experience.  
The third section also consists of one big question with six small questions. This 
section is designed to understand visitors’ attitudes towards the significance of 
the 3D Food Printing and also investigate the ranking of desirability for all 
benefits. 
 
Figure 5-3. Questions Set in Questionnaire Section 3 
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All these benefits have been summarized in the previous chapter. 7 point Likert 
scale question is also applied.  
The last section consists of five questions. This section is designed to figure out 
the expectation from the visitors in terms of the price and user interface of the 
food printer as well as the future of food printing.  
 
Figure 5-4. Questions Set in Questionnaire Section 4  
The question for the printer price expectation is left open to find out the possible 
highest price potential customers are willing to pay.  The last question is set to 
be an open question to get interesting projections from customers. Price 
expectation not only includes the price for the printer but also price for printing 
serve and printed products.   
5.2 Survey Results Data Analysis 
5.2.1 Survey Results and Insights Obtained 
14 males and 16 females had taken the questionnaire. Two quarters of them are 
at the age of 26~50, who can be considered as working adult and the rest are at 
the age of 25 or below. None of the visitors are 51 years old or above. This may 
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be due to the fact that art and science exhibitions are more appealing to young 
adults for quality family time at weekends.   
 
Figure 5-5. Chart of the Visitors' Attitudes towards Cooking 
This chart displays the visitors’ attitudes towards cooking and preparing food. 
As can be seen, a majority of the people (64%) who participated these 
exhibitions find the whole cooking process enjoyable. It indicates that most of 
these people do have cooking experience. This experience will help justify the 
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Figure 5-6. Chart of the Frequency of Choosing Food as Present for Friends 
This chart shows the frequency of visitors choosing chocolate, cookies and other 
snacks as present for their friends. It seems that chocolate, cookies and other 
snacks are indeed one of the choices for the presents. However, the percentage 
of “Most of the time” is much less than half of “Sometimes”. This result may 
suggest that although snacks or foods can one of the options for friends’ presents, 
they may not be the first choice still. Therefore, there is a market in food present 
printing but the size of the market may not be big. Another notable finding from 
other questions is that they choose to buy food as present mostly because they 
want to share the good taste of the food products with their friends. Therefore, 
the printed food products should definitely not compromise flavor or taste for 
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Figure 5-7. Bar Chart of Attitudes towards the Developed Cookie Printer 
The bar charts shows the attitudes of the visitors towards the developed cookie 
printer prototype in terms of different aspects of the machines. As can be seen, 
the most of the people think that this printer is interesting and fun to play with. 
This is probably due to their curiosity to new stuffs and this may also be the 
reasons why they came for exhibitions. While the acceptance of food prints still 
remains neutral. Although 80% of the people are okay with eating these cookies, 




























































cookies were indeed validated during the three exhibition. The feedback is 
highly positive in general. 
Another notable finding can be people believe that this device is easy to learn 
but may not be easy to use at the beginning. In addition, the feedback for the 
printing speed is that the cookie making process should be even faster. This may 





Figure 5-8. Bar Chart of Desirability Level of Future Food Printing Process 
The bar charts shows the desirability level of the potential customers to the 
future food printing process. As can be seen, the top three benefits they would 
like to have are the customization or personalization in terms of the design (90% 
indicated in warm color) and nutrition (83.3%), and the potential for doing 































































desirability for each benefit is relatively high. And people may not really mind 
having messy hands during food preparation.   
 
Figure 5-9. Price Expectation for the 3D Cookie Printer 
The expected price for this cookie printer is around 400 SGD to 500 SGD. It is 
actually higher than the original cost of the machines. It also shows people’s 
high expectation from these devices. It is unexpected that there are two visitors 


















<200 SGD 201 ~ 500 SGD 501 ~ 800 SGD >801 SGD
Expected price for this cookie printer
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5.2.2 Other Interesting Findings 
 
Figure 5-10. Price Expectation for Cookie with Names on it 
Some interesting findings can be people are willing to pay 5 SGD for a single 
piece of cookie with their names on it. And around 50 SGD for a customized 
birthday cake with friend’s miniature standing on it. 
 
Figure 5-11. Price Expectation of Customized Birthday Cake with Printed 
Friend’s Miniature on it 
There is a mother with her family mentioned that “it would be great if before 
my children’s party, all their guests could start to design their own cookies, say 
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10 ~ 29 SGD 30 ~ 49 SGD 50 ~ 69 SGD > 70 SGD
Expected price for customized birthday cake with 
friend's miniture standing on it
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would be an exciting moment.” The home use food printer indeed can be a good 
companion for both children and their parents to enhance the family bonding 
moments.   
5.2.3 Conclusion and Limitations 
From the survey during exhibitions, the responses from the visitors towards the 
desktop cookie printer prototype were collected, investigated and analyzed. In 
general, the opinions on this project and what it can potentially bring to the 
normal people are positive. And the most desirable significance was also found 
out for the future development and improvement. Besides, the information from 
potential customers regarding price and time efficiency is also obtained and 
compared with our expectation. A few interesting findings were revealed which 
can also be used for the future product development.  
Limitations need to be discussed for this survey, since the visitors for this survey 
are only restricted to people who were visiting these exhibitions. Therefore, it 
may be possible that most of these people are actually more curious about new 
things. Therefore, in order to get more accurate and validated results. Further 





6 Conclusion and Future Work 
3D food printing has demonstrated its capability of making personalized 
chocolates and producing simple homogenous snacks. However, these 
applications are still primitive with limited internal structures or monotonous 
textures. To achieve consistency in food fabrication, it is necessary to 
systematically investigate printing materials, platform designs, printing 
technologies, and their influences on food fabrication. A process model is 
expected to link design, fabrication, and nutrient control together. With the 
development of an interactive user interface, food printers may become a part 
of an ecosystem where networked machines can order new ingredients, prepare 
favorite food on demand, promote user's creativity, and even collaborate with 
doctors to promote healthier diets. 
Food printing may exert a significant influence on various types of food 
processing. It provides designers or users with enhanced and unprecedented 
capability to manipulate forms and materials. This versatility, applied to 
domestic cooking or catering service, can improve the efficiency to deliver high 
quality and freshly-prepared food products to consumers with personalized 
nutrition. It is also capable of creating new flavors, textures and shapes to 
provide entirely new and unique eating experiences. 
There have been four major outcomes as a result of this research. These 
outcomes have clearly achieved the intended research objectives. The first 
major outcome is a systematic and comprehensive overview in details of 3D 
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Food Printing development, which includes concepts, prototypes and 
commercial products. Food printing technologies and projection of future 
development are also summarized to provide a firmly rooted base for future 
research to carry forward. Secondly, a functioning 3D Cookie Printer was 
constructed and improved to print edible cookie products. With investigation 
and optimization of the food material and printing parameters, the printed 
cookie quality was greatly improved and useful set of parameters data and their 
relationships were recorded. Third, the rotary mixing print head was firstly 
designed for food printing process and basic mixing function was achieved. 
Finally, the preliminary market survey and feedback analysis were performed 
to reveal the acceptance level of the public to the food printer prototype and also 
the food printing concept. The overall feedback is positive. 
The future work of this research can be carried out in different directions. 
 Introduction and investigation of more common food materials like 
bread, rice or meat into this printing system to get respective optimal 
data for recipes and printing process. 
 Improvement of the current printing system to enable the entire cooking 
process by integrating different cooking techniques.  
 In depth design and redesign of the current mixing print head system. 
 Analysis with Computational Fluid Dynamics of the printing and 
mixing performance based on more quantified experiments. 
 Market validation research based on groups of larger sample size and 
redesign and improvement of questionnaire question.  
 Industrial design of current printing system and compact design for 
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